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Visible  chemical  laser  amplifiers  have  been  generated  employing  the 
highly  efficient  and  selective  formation  of  sodium  dimer  electronically 
excited  states  from  the  sodium  trimer-halogen  atom  (X  =  Cl,Br,I)  reactions. 
Optical  gain  through  stimulated  emission  has  been  demonstrated  in  select 
regions  close  to  527,  492,  and  460  nm.  With  a  focus  to  increasing  amplifier 
gain  length  and  amplifying  medium  concentration,  a  newly  configured  device 
creates  intersecting  alkali  and  halogen  sheaths  which  form  the  basis  for  the 
creation  of  visible  chemical  laser  oscillators.  This  device  has  now  revealed 
the  first  Raman  pumping  due  purely  to  chemical  reaction  in  the  absence  of  an 
external  light  source.  Extrapolations  on  the  Na3-X  amplifier  concept 
involving  Group  IIA  metal  -  F,C1  reactions  are  considered.  Very  near  resonant 
energy  transfers  from  selectively  formed  metastable  states  of  SiO  and  GeO  to 
receptor  alkali  atoms  form  sodium  or  potassium  atom  laser  amplifiers  and  a 
gain  condition  at  A  =  569,  616,  819,  and  581  nm.  These  results  form  the  basis 
for  full  cavity  oscillation  in  the  Na  system  at  569  nm.  Silane  based 
thermolysis  -  discharge  and  thermolysis  -  photolysis  sources  of  SiO 
metastables  are  under  development.  The  efficient  energy  transfer  pumping  of 
potential  amplifying  transitions  in  the  lead  (Pb),  copper  (Cu),  and  tin  (Sn) 
systems  is  outlined. 
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Foreword 


We  have  developed  a  wealth  of  evidence  to  suggest  that  surprisingly 
efficient  collision  induced  energy  transfers  and  collisional  stabilization  can 
be  ascribed  to  small  molecules  and  atoms  present  at  elevated  energies  in  high 
stress  non-equilibrium  environments.  Apparent  energy  transfer  and 
stabilization  rates,  which  in  some  cases  would  appear  to  defy  conventional 
kinetic  models,  are  far  in  excess  of  those  normally  associated  with  the  lowest 
vibrational-rotational  levels  of  molecules  and  systems  in  their  lowest  or 
ground  states  at  room  temperature.  This  project  has  attempted  to  take 
advantage  of  these  characteristics  with  a  focus  toward  the  development  of  the 
first  visible  chemical  laser  amplifiers  and  oscillators.  Two  novel  approaches 
to  form  electronically  inverted  molecular  diatomic  and  atomic  configurations 
making  use  of  (1)  highly  efficient  and  selective  fast  "electron  jump"  reactive 
encounters,  and  (2)  highly  efficient  near  resonant  electronic  energy  transfer, 
have  been  employed  to  produce  amplification  and  oscillation  and  to  reveal 
several  unusual  characteristics  of  high  temperature  environments. 

A  primary  approach  to  continuous  visible  chemical  laser  development  has 
been  signaled  by  the  successful  production  of  visible  chemical  laser 
amplifiers  using  the  highly  efficient  and  selective  formation  of  alkali  dimer, 
(M2  =  Na2,  (K2)),  excited  states  from  the  fast  alkali  trimer-halogen  atom  (M3 
-  X(Cl,Br,l)  reactions.  These  chemical  laser  amplifiers  have  employed  the 
extremely  high  cross  section  Nan  (n=2,3)-X(Cl,Br,l)  reactions  to  create  a 
continuous  electronic  population  inversion  based  on  the  chemical  pumping  of 
sodium  dimer  (Na2).  Optical  gain  through  stimulated  emission  has  been 
demonstrated  in  select  regions  close  to  527,  492,  and  460  nm.  A  model,  under 
development,  which  evokes  the  vibrational  and  rotational  selectivity  inherent 
to  a  dissociative  ionic  recombination  process  (Na3+  +  X”  ■*  Na2  +  NaX)  in 
correlation  with  the  coupling  between  select  sodium  dimer  excited  states, 
appears  to  provide  a  semiquantitative  explanation  of  the  observed  behavior. 

An  assessment  of  the  manner  in  which  gain  is  generated  in  these  fast 
reactive  encounters  has  suggested  that  a  considerable  enhancement  of  the 
amplification  can  be  obtained  with  a  versatile  long-path  length  source 
configuration.  The  considered  amplifiers  are  therefore  being  optimized  with  a 
focus  to  increasing  amplifier  gain  length  and  amplifying  medium  concentration 
using  an  upscaled  device  which  has  been  designed  to  allow  the  ready  movement 
of  extended  path  length  alkali  trimer  and  halogen  atom  slit  sources  relative 
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to  each  other  by  creating  adjustable  intersecting  reactive  alkali  and  halogen 
atom  flows.  The  controlled  intersection  of  these  reacting  sheaths  forms  an 
extended  reaction  -  amplification  zone.  It  is  this  extended  gain  zone  which 
we  are  employing  to  convert  the  created  amplifiers  to  visible  chemical  laser 
oscillators.  With  this  focus  to  the  development  of  a  long  path  length 
amplifying  medium  employing  the  trimer  reactions,  we  have  observed  the  first 
resonance  Raman  pumping  of  Na2  in  the  absence  of  an  external  light  source. 
Here,  the  Na  D-line  emission  which  results  from  the  Na2-Br  reaction  is 
scattered  by  sodium  dimers  cooled,  in  supersonic  expansion,  to  the  lowest 
vibrational  levels  of  the  Na2  ground  electronic  state.  An  initial  analysis 
suggests  that  we  have  observed  resonance  Raman  progressions,  however,  the  time 
scale  for  the  Raman  process  may  be  considerably  shorter  than  anticipated. 

This  suggests  a  further  long  range  interaction  of  the  excited  Na^P  atoms  with 
those  Na2  molecules  which  are  Raman  pumped.  We  are  beginning  to  observe  the 
manifestation  of  significant  and  surprising  interactions.  In  concert  with 
observations  made  on  several  additional  systems,  these  observations  suggest 
that  the  Nan~X  reaction  systems  may  also  behave  in  response  to  the  highly 
efficient  funneling  of  energy  via  a  diffuse  electron  density  and  that  their 
study  can  serve  as  a  model  for  more  complex  systems. 

This  report  also  suggests  and  begins  to  demonstrate  extrapolations  on  the 
sodium  trimer  halogen  atom  systems  including  the  potential  excimer  forming  M-j 
(M=Mg,Ca,Sr,Ba)  -  F  (Cl)  reactions.  Initial  results  reported  for  the  Mgx 
(x=2,3)  -  F  atom  reactions  are  reported.  Further,  the  course  of  these  studies 
has  also  lead  to  a  remarkable  discovery  concerning  the  stabilization  of  high 
temperature  complexes.  Through  a  combination  of  single  and  multiple  collision 
chemiluminescence  (CL)  and  laser  induced  fluorescence  (LIF)  spectroscopy,  we 
have  demonstrated  the  astonishing  efficiency  with  which  a  high  temperature 
reaction  complex  can  be  stabilized.  We  have  obtained  clear  evidence  for  the 
stabilization  of  Group  IIA  MX2  (M=Ca,Sr,Ba,X=Cl,Br,I)  dihalide  complexes, 
formed  in  concert  with  direct  M  +  X2  ->  MX2  reactive  encounters,  through 
extremely  long  range  interaction  with  an  additional  halogen  molecule.  The 
onset  of  the  monitored  R3BR  process  at  1  x  10"6  Torr  signals  an  enormous 
stabilization  cross  section  (a  >  5000  &2).  The  demonstrated  efficiency  is 
certainly  not  explained  within  an  RRKM  framework,  again  suggesting  that  new 
models,  which  focus  on  long  range  energy  flow  as  opposed  to  fragmentation,  may 
be  necessary  to  explain  these  efficient  interactions.  The  data  from  this 
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study  begins  to  reveal  a  much  broader  range  of  interaction  than  has  typically 
been  associated  with  the  collisional  stabilization  process.  The  enhanced 
interaction  range  of  these  dihalide  complexes  may  also  result  from  the 
influence  of  a  diffuse  electron  density.  The  current  results  focus  attention 
on  the  potential  importance  of  collisionally  stabilized  radiative  or  non- 
radiative  complexation  processes  at  elevated  temperatures.  These  efficient 
processes  may  influence  gas-surface  depositions  which  are  strongly  dependent 
upon  formation  of  the  gas  phase  constituency. 

We  also  present  the  results  of  studies  in  which  we  have  used  a  very  near 
resonant  energy  transfer  from  selectively  formed  metastable  states  of  SiO  and 
GeO  (a^E+,b^Il)  to  select  metal  atoms  in  order  to  form  thallium,  gallium, 
sodium,  and  potassium  atom  based  laser  amplifiers  at  X  =  535,  417,  569,  616, 
819,  and  581  run.  The  metastable  triplet  states  are  generated  in  high  yield 
from  a  select  group  (Ge-O-j,  Si-^O,  Si-NC^)  of  oxidation  reactions.  The 
energy  stored  in  these  generated  triplet  states  is  transferred  in  a  highly 
efficient  electronic  energy  transfer  process  to  pump  ground  state  Tl,  Ga,  Na, 
and  K  atoms  to  select  excited  states.  So  efficient  are  these  transfers  that 
they  have  been  used  to  produce  superfluorescence  from  Tl  and  Ga  atoms  at  535 
and  417  nm  (Appendix  I)  and  amplified  spontaneous  emission  (ASE)  from  Na  atoms 
at  569,  616,  and  819  nm  (Appendices  VIII  and  IX).  Adopting  a  pumping  sequence 
in  which  a  premixed  Group  IVA  metalloid-receptor  atom  combination  is  oxidized 
we  have  demonstrated  full  cavity  oscillation  in  the  Tl  (535  nm  -  Appendix  I) 
and  Na  (569  nm  -  Appendices  VIII  and  IX)  systems.  The  concepts  employed  to 
create  amplification  and  oscillation  in  these  systems  also  appear  applicable 
to  the  efficient  energy  transfer  pumping  of  potential  amplifying  transitions 
in  the  lead  (Pb),  copper  (Cu  -  analog  of  Cu  vapor  laser),  and  tin  (Sn) 
receptor  atoms. 

The  outlined  results,  obtained  with  an  oven  based  source  of  the  Group  IVA 
metalloid,  require  high  source  operating  temperatures  so  as  to  obtain 
substantial  Si  or  Ge  atomic  fluxes.  In  order  to  (1)  greatly  alleviate  the 
temperature  requirement  and  (2)  generate  higher  metalloid  concentrations  for 
the  pumping  of  appropriate  atomic  receptors,  we  have  also  been  concerned  with 
the  development  of  considerably  lower  temperature  silane  (SiH^)  based 
thermolysis-discharge  and  thermolysis-photolysis  combination  sources  as  a 
means  of  generating  atomic  silicon.  These  partially  successful  efforts  are 
also  summarized  in  this  report. 
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Curve  Crossings,  Electronic  Energy  Transfer  Collisions,  and  Efficient  Chemical 
Pumping 

"A  Highly  Efficient  and  Selective  Electron- Jump-Harpoon  Process" 

The  collision  dynamics  of  processes  proceeding  on  electronically  excited 
surfaces  is  fundamental  to  the  attainment  of  population  inversions  based  on 
electronic  transitions  in  the  visible  spectral  region.1’2  A  particular 
subgroup  of  these  electronic  energy  transfer  processes  involves  metal  atoms  or 
molecules  of  low  ionization  potential.  These  species  react  very  efficiently 
with  atoms  or  molecules  of  significant  electron  affinity  via  what  is  termed 
the  electron  jump-harpoon  process.  It  is  this  process,  specifically  involving 
the  reaction  of  metal  trimers  and  forming  the  product  metal  dimer  and  mot-al 
halide,  that  may  represent  one  of  the  few  direct  chemical  routes  to  produce 
electronically  inverted  products.  The  alkali  trimer  molecule,  Na3,  readily 
provides  an  electron  to  harpoon  a  hungry  halogen  atom,  X,  producing  a  switch 
from  the  interaction  of  two  neutral  species  to  that  of  two  ions  (Na3+  +  X~). 
The  convergence,  crossing,  and  interaction  of  the  two  potentials  describing 
the  neutral  (covalent)  and  ionic  (coulombic)  constituencies  allows  an 
effective  switch  of  the  reactants  (curve  crossing).  For  Na3,  with  its  low 
ionization  potential,  the  curve  crossing  occurs  at  very  long  range  (>  10A) 
leading  to  a  high  cross  section  for  product  Na3  formation.  Based  upon  the 
experimental  results  obtained  thusfar  in  our  laboratory,  the  sodium  trimer 
reactions  show  not  only  vibrational  but  also  rotational  selectivity  as  they 
create  electronic  population  inversions  in  the  product  Na3.  Theoretical 
considerations  (see  also  following  sections)  would  suggest  that  these  trimer 
reactions  and  their  analogs  represent  key  processes  to  yield  electronically 
inverted  products  in  direct  chemical  reaction.1,2 

"Efficient,  Fast,  Intra-  and  Intermolecular  Energy  Transfer  Pumping" 

The  energy  transfer  based  approach  which  we  have  used  to  develop  the 
first  visible  chemical  laser  amplifiers  and  oscillators  has  relied  on  our 
belief  that  the  majority  of  successful  electronic  transition  chemical  lasers 
will  require  a  two-step  approach.2*^  Chemical  energy  must  be  produced  and 
stored  in  a  first  step  and  then  transferred  in  a  collision  induced  process  to 
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an  appropriate  lasing  medium  in  a  second  step.  Following  this  scheme,  we  can 
attempt  to  produce  inversions  using  (1)  "ultrafast"  intramolecular  energy 
transfer  among  the  excited  electronic  states  of  small  diatomic  molecules5-8  or 
(2)  intermolecular  transfer  from  electronically  excited  metastable  storage 
states  to  readily  lasing  atomic  receptors.  Both  processes  inherently  involve 
the  curve  crossing  of  electronic  states  which  is  basic  to  the  creation  of  a 
highly  efficient  energy  transfer  route. 

Electronically  and  highly  vibrationally  excited  molecules,  with  their 
inherently  diffuse  electron  density  and  large  amplitude  vibrational  motions 
simply  interact  more  effectively  than  do  ground  state  molecules  in  their 
lowest  vibrational-rotational  levels.  We  have  determined  that  several 
diatomic  metal  monoxides  including  silicon  and  germanium  oxide  display 
collision  induced  electronic-to-electronic  (E-E)5-^  and  vibrational- 
to-electronic  (V-E)^  intermolecular  energy  transfers  which  proceed  at  rates 
comparable  to  or  far  in  excess  of  gas  kinetic.  Transfers  from  metastable  to 
shorter  lived  excited  states  may  proceed  at  rates  which  approach  500  times  gas 
kinetic  (cross  sections  in  excess  of  4000  The  low-lying  electronic 

states  of  several  simple  high  temperature  molecules  (the  products  of  metal 
oxidation)  interact  with  a  collision  partner  which  induces  energy  transfer 
with  a  much  larger  impact  parameter  than  would  have  been  previously 
anticipated  on  the  basis  of  studies  involving  the  lowest  vibrational- 
rotational  levels  of  their  ground  states.  In  a  sense,  we  are  dealing  with 
"pseudo-macromolecules"  which  display  many  of  the  characteristics  inherent  to 
Rydberg  states-^  with  their  large  transfer  and  relaxation  cross  sections.  In 
several  cases  the  rates  for  the  observed  transfers  may  be  comparable  to  the 
radiative  lifetimes  associated  with  the  usually  shorter  lived  and  potentially 
useful  upper  levels  in  which  the  intramolecular  transfer  terminates. ^  Rates 
of  this  magnitude,  properly  employed,  can  be  competitive  with  optical  pumping! 

At  some  point,  the  distinction  between  fast  intramolecular  energy 
transfer  processes,  correlating  with  electronic  state  couplings  and  the 
periods  of  molecular  vibrations  (rotations),  and  intermolecular  energy 
transfer  governed  by  the  duration  of  collisions  with  electronically  excited 
states  is  indistinguishable. ^ We  have  demonstrated  that  it  is  reasonable  to 
expect  certain  near  resonant  intermolecular  energy  transfers  to  proceed  with 
extremely  high  cross  sections.1-3  One  might  consider  that  an  electronically 
excited  molecule,  with  its  diffuse  electron  density,  has  the  ability  to  send 


5 


out  more  feelers  or  interaction  lines  as  it  influences  reaction  and  collision 
partners.  The  increased  interaction  rates  which  several  experiments  now 
suggest  are  most  encouraging  for  the  development  of  visible  chemical  lasers 
from  energy  transfer  processes.  It  is  precisely  these  very  exciting  results 
which  we  have  already  made  use  of  in  the  initial  development  of  several 
systems. 

CONTINUOUS  CHEMICAL  LASER  AMPLIFIERS  IN  THE  VISIBLE  REGION  BASED  ON  HIGHLY 
EFFICIENT  AND  SELECTIVE  CHEMICAL  REACTIONS 

Formation  of  Amplifiers  (Oscillators)  Through  Direct  Chemical  Reaction 

Na2  chemical  laser  amplifiers  have  been  deve loped in  our  laboratory 
employing  the  high  cross  section  Nan  (n  =  2,3)  -  X(Cl,Br,I)  electron  jump 
reactions  to  create  a  continuous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Na2).  Sodium  trimer  molecules  produced  in 
supersonic  expansion  (see  Appendices  II,  V,  VI)  are  reacted  with  halogen 
atoms  to  create  the  inversions  on  electronic  transitions  in  Nag.  Optical  gain 
through  stimulated  emission  has  been  demonstrated  in  select  regions  close  to 
527,  492,  and  460  nm  with  potential  extension  to  the  v395,  ^365,  and  ^350  nm 
regions.  The  observed  gain  (max.  of  4%  at  ^527  nm  corres.  to  8  x  10”-Vcm  for 
individual  rotational  levels  (see  following))  can  be  enhanced  considerably 
with  a  more  versatile  long  path  length  source  configuration.  The  development 
of  this  source  configuration  has  been  a  major  focus  of  our  efforts  over  the 
last  three  years. 

Electronically  Inverted  Na2  Produced  from  the  Nag  -  X(Cl,Br,l)  Reactions 

Efficient  chemical  laser  oscillators  should  be  developed  from  the  high 
cross  section,  highly  exothermic  Nag  -  X  (Cl,Br,l)  reactions  which  select- 

•j* 

ively  form  Na2  in  a  limited  number  of  its  excited  electronic  states  (Fig. 
1(a)).  The  optical  signatures  for  the  processes 

Nag  +  Cl,Br,I  Na2  +  NaX  (X  =  Cl,Br,l)  (1) 

encompass  emission  from  a  limited  number  of  Nag  band  systems.  Surprisingly, 
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Figure  1(a)  Approximate  potential  curves  for  select  states  of  Na2» 

Figure  1(b)  Chemiluminescent  emission  resulting  from  the  reaction  Na^  +  X 
-»  Na2  +  NaX  with  X  =  Br,I.  The  spectra  display  sharp  fluores¬ 
cence  features  in  the  visible  at  527,  492,  and  460.5  nm 
superimposed  on  a  broader  Na2  background  emission. 

Figure  1(c)  Comparison  of  (a)  observed  and  (b)  calculated  emission  spectra 
for  the  Na2  B-X  emission  system.  The  experimental  spectrum 
corresponds  to  the  chemiluminescence  from  the  Na2~Br  reaction. 
The  calculated  spectrum,  which  was  obtained  for  a  rotational 
temperature,  Trot  =  1000K,  represents  an  estimate  of  effective 
rotational  temperatures  in  a  system  operated  under  single 
collision  conditions  and  therefore  not  at  equilibrium.  Relative 
vibrational  populations  input  for  Na2  B-X,  v'  =  0.6  were  in  the 
ratio  1.00:1.17:1.33:1.50:1.67:1.54. 


\ 
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Figur*  1(b) 
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the  observed  emission  is  characterized  by  sharp  well  defined  emission  regions 
(Figs.  1(b),  1(c))  superimposed  on  a  much  weaker  but  perceptible  and 
analyzable  Na2  background  fluorescence.  As  Fig.  1(c)  demonstrates,  these 
sharp  emission  features  are  not  readily  explained  by  invoking  a  purely 
fluorescent  process. 

The  sharp  nature  of  several  of  the  B-X,  C-X,  and  C'-X  Na2  fluorescence 
features  (Figs.  1(b),  1(c)),  their  correlation  in  certain  regions  to  the 
emission  characteristic  of  optically  pumped  Na2  laser  systems^  (ex:  528.2 
nm  (v',v")  =  ( 6 , 1 A )  B-X),  and  the  near  exponential  growth  of  these  features 
relative  to  the  background  Na2  fluorescence  spectrum  with  increasing  Na3 
concentration,  suggests  that  stimulated  emission  might  be  associated  with 
certain  of  the  emitting  Na2  reaction  products.  Laser  gain  measurements  were 
carried  out  to  assess  this  possibility. 

In  order  to  do  these  gain  studies,  we  further  developed  (Fig.  2(a))  a 
unique  source  configuration  which  allows  the  supersonic  expansion  of  pure 
sodium  vapor  to  create  a  Na3  concentration  not  previously  attained  in  a 
reaction-amplif icaton  zone.  Using  argon  ion  laser  pumped  dye  lasers  to  study 
the  Na3  +  Br  reaction  we  have  scanned  (Fig.  2(b))  the  entire  wavelength 
region  from  420  to  600  nm  (Figure  1(b))  in  ^3  nm  intervals  at  0.5  cm~^ 
resolution  (FWHM)  and  the  regions  around  527  nm  and  460  nm  (Fig.  1(c))  at 
0.007  cm-l  resolution. 12-16  We  f^n(j  that  laser  gain  and  hence  amplification 
is  associated  with  very  limited  regions  of  the  spectrum.  The  observations 
suggest  that  several  of  the  sharp  emission  features  apparent  in  Figure  1 
correspond  to  a  stimulated  emission  process  and  the  establishment  of  a 
population  inversion.  Optical  gain  through  stimulated  emission  (0.5  cm  ^ 
resolution)  in  the  regions  close  to  527  nm  (1%),  492  nm  (0.3%),  and  460.5  nm 
(0.8%  gain)  correlates  precisely  with  the  reactive  process  and  the  relative 
intensities  of  those  features  observed  while  monitoring  the  light  emitted  from 
the  Na3~Br  and  Na3~I  reactions.  High  resolution  ring  dye  laser  scans  in  the 
527  nm  region  indicate  that  the  gain  for  the  system  is  a  minimum  of  3.8%  for 
an  individual  rovibronic  transition  with  approximately  four  to  seven 
individual  rotational  transitions  showing  gain.  At  459.8  nm,  we  have  measured 
an  2.3%  gain  for  an  individual  rotational  transition.  The  results 
demonstrate  the  continuous  amplifying  medium  for  a  visible  chemical  laser  in 
at  least  three  wavelength  regions. ^t  no  other  scanned  wavelengths  have 
we  observed  gain.  In  fact,  in  scanning  the  420-600  nm  region,  we  generally 
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Figure  2:  Schematic  of  (a)  apparatus  for  the  study  of  the  chemiluminescent 
Na^  -  X  reactions  and  (b)  the  arrangement  of  the  experimental 
configuration  for  measuring  gain  from  the  Na3  -  X  metathesis. 
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observe  losses  of  the  laser  photon  flux  due  primarily  to  scattering  (to  only 
a  negligible  extent,  absorption)  on  transit  through  the  Na-j-Br  reaction  zone. 
In  the  region  of  the  sodium  D-line,  a  substantial  absorption  and  hence  loss 
is  monitored  as  a  function  of  the  trimer -halogen  atom  reaction. 

Because  of  the  low  Na3  ionization  potential  and  the  high  halogen 

electron  affinities,1  the  Na3-halogen  atom  reactions  are  expected  to  proceed 

via  an  electron  jump  mechanism  with  extremely  high  cross  sections,19  producing 

substantial  Na2  excited  state  populations.  The  question  of  why  the  Na3  -X 

reactions  appear  to  demonstrate  vibrational  and  rotational  selectivity 

associated  with  certain  wavelength  regions  may  be  dealt  with  by  invoking  a 

model  for  the  dissociative  ionic  recombination,  Na3+  +  X”  ■»  Na2x  +  NaX,  and 

the  curve  crossings  which  influence  the  distribution  of  product  molecules  for 
9  n 

this  process.  This  model,  coupled  with  an  analysis  of  the  electronic 
coupling  between  select  sodium  dimer  excited  states,  may  provide  a  semi- 
quantitative  explanation  for  the  created  population  inversions. 

The  population  inversions  monitored  thusfar  are  thought  to  be  sustained 
(1)  by  the  large  number  of  free  halogen  atoms  reacting  with  Na2  molecules  in 
those  ground  state  levels  on  which  the  transitions  emanating  from  the  Na2 
excited  states  terminate  and  (2)  collisional  relaxation  of  the  ground  state 
sodium  dimer  molecules.  The  cross  section  for  reaction  of  vibrationally 
excited  ground  state  Na2  is  expected  to  be  at  least  comparable  to  the  cross 
section  for  collision  induced  vibrational  deactivation  of  the  Na2  manifold. 
Extremely  efficient  reactions  greatly  assist  the  depletion  of  the  lower  state 
levels  in  this  system  allowing  one  to  sustain  a  continuous  population 
inversion. 

Development  of  an  Extended  Path  Length  Na3  -  X  (Cl,Br,I)  Reaction  - 
Amplification  Zone 

A  major  focus  of  our  efforts  has  been  to  considerably  improve  the 
magnitude  of  the  amplification  demonstrated  for  the  sodium  dimer  amplifiers  at 
^527,  ^492,  and  ^460  nm.  The  apparatus  depicted  in  Figure  2  now  produces  a 
substantial  Na3  concentration  (>  lO^/cc)  albeit  in  a  limited  reaction- 
amplification  zone.  In  order  to  demonstrate  continuous  chemical  laser 
oscillation,  however,  it  is  desireable  to  create  an  enhanced  sodium  trimer  - 
halogen  atom  reaction  zone  not  only  in  terms  of  reactant  concentration  but 
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also  with  respect  to  the  amplification  zone  path  length.  The  overall 
apparatus  design  which  we  are  developing,  depicted  in  part  schematically  in 
Figures  3-5  and  discussed  in  detail  in  Appendices  VII,  IX,  and  X  is  meant  to 
accomodate  high  intersecting  reactant  flows  from  both  sodium  trimer  and  (dual 
rotatable)  halogen  atom  sources  in  order  to  produce  an  enhanced  concentration 
of  Na2  amplifiers  over  a  significantly  extended  path  length. 

The  apparatus  outlined  in  Figs.  3-5  attempts  to  increase  the  Na-j  reaction 
amplification  zone  concentration  by  repositioning  the  trimer  and  halogen 
atom  sources  relative  to  each  other  and  facilitating  the  halogenation  process 
much  closer  to  the  alkali  nozzle  itself,  in  a  gas  dynamic  configuration.  We 
also  have  incorporated  the  facility  for  the  in-situ  adjustment  of  the  alkali 
and  halogen  source  positions.  This  includes  the  ability  to  rotate  the  dual 
alkali-trimer-f low-encompassing  halogen  atom  slit  sources  (Figs.  3(b))  so  as 
to  optimize  flow  mixing.  Further,  as  a  means  of  increasing  the  reaction 
zone  and  gain  length,  we  have  developed  and  continue  to  test  several 
continuous  flow  slit  sources  (Appendix  X  for  more  detailed  discussion). 

In  a  pure  sodium  supersonic  expansion,  the  Na3  constituency  is  dominated 
by  a  much  larger  atom  and  cold  dimer  concentration.22  These  constituencies 
do  not  absorb  at  the  Na2  amplifier  wavelengths  characteristic  of  the  ^3- 
halogen  atom  reaction  systems.  However,  it  is  desireable  to  minimize  the 
atom  and  dimer  while  increasing  the  trimer  concentration.  The  trimer 
concentration  must  be  altered  and  improved  through  an  appropriate  adjustment 
of  the  supersonic  expansion  conditions  shifting  the  distribution  to  higher 
sodium  polymers.  By  seeding  the  expansion  with  helium,  argon,  or  other  noble 
gas  atoms,  several  researchers22  have  demonstrated  that  the  atom  and  dimer 
concentrations  can  be  made  quite  small  relative  to  the  much  larger  sodium 
polymers.  Our  ultimate  goal  is  to  develop  a  system  which  does  not  operate 
at  these  extreme  expansion  conditions  but,  rather,  we  seek  a  middle  ground 
which  will  allow  us  to  produce  primarily  the  trimer  and  a  few  larger 
clusters.22  This  condition  should  be  achieved  through  the  appropriate 
adjustment  of  parameters  which  can  be  manipulated  in  the  expansion  including 
(1)  the  rear  oven  stagnation  pressure  (argon  or  helium  +  sodium),  (2)  the 
frontal  nozzle  temperature,  and  (3)  the  ratio  of  the  supersonic  expansion 
source  pressure  to  the  overall  expansion  chamber  pressure. 

The  sodium  slit  source  is  positioned  relative  to  the  dual  halogen  slit 
sources  located  above  and  below  what  can  be  envisioned  as  the  position  of  an 
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alkali  sheath  created  upon  expansion  from  the  alkali  slit  source.  The 
reaction  zone-cavity  configuration  is  designed  to  allow  for  1)  short  transit 
of  the  reactants  Na3  and  X  =  Cl,  Br,  I  to  the  reaction  -  amplification  zone, 

2)  flexible  movement  of  these  sources  with  respect  to  each  other  and  with 
respect  to  the  flow  patterns  created  in  the  system  and  3)  minimal  interaction 
of  these  reactants  with  laser  cavity  windows.  To  insure  this  minimal 
interaction,  self -cleaning  optical  windows^  are  used. 

We  have  now  carried  out  several  experiments  using  the  extended 
amplification  zone  device  depicted  in  Figure  3.  These  studies  are  outlined  in 
more  detail  in  Appendices  X  and  XIV-XVI,  however,  it  is  important  to  note  the 
most  important  observations  which  we  have  made  in  these  initial  efforts. 

These  include  1)  what  appears  to  be  the  first  observation  of  Raman  pumping  in 
a  purely  chemical  environment  with  the  attendant  measurement  of  gain 
associated  with  the  Stokes  scattering  and  2)  excited  state  chemical  pumping 
which  is  the  equivalent  of  that  obtained  with  a  substantial  2W/cm^  laser  pump 
of  sodium  vapor  (Nax  @  0.344  mm/Hg  -  see  Appendix  X).  Thus,  while  we  have  not 
yet  reached  the  necessary  Na^  concentrations  in  our  reactive  zone  to  produce 
the  inverted  Na2  B-X  features  (Figs.  3-5),  we  have  already  observed  an  unusual 
and  unexpected  behavior  associated  with  the  longer  path  length  configuration. 

Raman  Pumping  in  the  Absence  of  an  External  Light  Source 

Using  the  configuration  described  in  Figures  3-5  (Appendices  X,  XIV-XVI 
for  additional  detail)  we  have  observed  the  first  resonance  Raman  pumping 
generated  in  a  purely  chemical  reactive  environment  in  the  absence  of  an 
external  light  source.  The  observations  made  in  the  present  study  bear  a 
close  analogy  to  those  of  Wellegehausen^  and  Bergmann  and  coworkers^5_26  in 
their  analysis  of  optically  pumped  sodium  dimer  lasers  operative  on  a 
stimulated  Raman  scattering  process.  Here,  as  Fig.  6  demonstrates,  we  observe 
a  series  of  Raman- like  Stokes  and  anti-Stokes  features  which  are  (1) 
associated  primarily  with  the  lowest  vibrational  levels  of  Na2»  (2)  correlate 
strongly  with  a  scattering  process  involving  the  Na  D-line  components  (Na 
3p^P3/2,l/2  "  3s^S^/2)>  clearly  evident  in  Fig.  7,  and  created  in  the  chemical 
reaction  sequence 


Na2  +  Br  -»  Na"  (3p^P)  +  NaBr 


(2) 
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Ground  State  Vibrational  Distribution 


Figure  6 

Comparison  of  experimental  spectrum  with  computer  modelled  distribution  (res.  -  5  A,  TOTen  ~  875K,  T  ~  935K) 

ween  calcu'ation  and  experiment  was  found  for  the  slightly  nonth^al  distributiM  depicted  in  the 
discuss! on‘hand  f  *e  fl8Ure  A  Boltzmann  d,stnbution  at  400K  is  included  for  comparison.  See  text  for 
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Figure  7 

Raman-lUce  spectrum  taken  at  a  resolution  of-  1.5  A  (TOTen  -  875K.  Tnoz2le  -  935K)  depicting  the  two  Na  D-line  components  and  the 
satellite  Raman  structure.  The  spin-orb, t  frequency  difference  of  the  two  Na  D-line  components  is  reproduced  in  the  scattered  radiation, 
simulated  spectrum  is  presented  for  comparison  (Trot  -  400K,  T  =  4  cm  ').  See  text  for  discussion. 


Na*  (3p2P)  -►  Na(3s2S)  +  hv 


The  Raman  features  depicted  in  Figures  6  and  7  are  not  readily  generated  by 
light  from  an  external  laser  (Appendices  XIV,  XVI)  tuned  to  the  Na  D-line 
resonance  and  appear  to  be  enhanced  by  the  environment  of  the  reaction  zone 
itself. 

Any  attempt  to  fit  the  observed  structure  (symmetric  about  the  Na  D-line) 
to  a  resonance  fluorescent  series  appropriate  to  the  experimental  conditions 
fails  completely.  The  D-line  emission  is  scattered  by  cooled  sodium  dimers 
(Na2)  generating  multiple  Stokes  and  anti-Stokes  features.  These  are  assigned 
as  resonance  Raman  progressions  and,  as  Figures  6  and  7  indicate,  are  well 
simulated  on  the  basis  of  the  resonance  Raman  theory  outlined  by  Rousseau  and 
V/illiams22  and  others.2®  Here,  except  at  very  low  reactant  concentrations, 
the  intensity  of  the  Raman  scattering  overwhelms  any  normal  chemiluminescenct 
emission  from  the  reaction  zone. 

The  results  of  initial  gain  studies  (in  which  amplification  has  been 
observed  on  many  of  the  Stokes  and  anti-Stokes  components  of  the  Raman 
spectrum)  are  suggestive  of  a  stimulated  Raman  scattering  process  similar  to 
that  associated  with  optically  pumped  alkali  dimer  lasers.  However,  as  Figure 
8  demonstrates,  the  scattering  linewidth,  T,  determined  from  a  higher 
resolution  fit  (^0.5  %.)  of  the  resonance  Raman  intensity  expression  (see 
Appendix  XIV  for  definitions) 

32x 

I/PaJaWr)  = - X 

9c*h2 

_/  KepfoX^M2 

y  3  Sj  s, - + 

01  ,F(«G,-«M)2+r2  O) 

KcFhXtfiMI2  \ 

25  5  - I 

"  («GI-«P2)J+ r2' 

associated  with  the  present  process  appears  to  be  close  to  4  cm”^.  This 
result  suggests  that  we  have  observed  more  than  a  "simple"  Raman-like 
scattering  process.  In  order  to  address  this  result  we  might  consider  a 
further  long  range  interaction  of  the  electronically  excited  sodium  3p^P  atoms 
with  those  Na2  molecules  which  are  Raman  pumped,  an  interaction  of  the  Na2 
molecules  with  the  Br  atoms  that  induces  a  time  varying  enhancement  of  the 
dimer  polarizability  (hyperpolarizability),  or  (less  likely)  the  presence  of  a 
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Figure  8 

High  resolution  spectrum  (~  0.5  A)  and  simulated  spectra  for  T  =  0.1,  1,  and  4  cm'1  demonstrating  the 

marked  improvement  in  the  fit  to  the  experimental  Raman-like  features  for  increasing  values  of  T.  See 
text  for  discussion 


large  electric  field  created  due  to  the  reactive  environment  in  the  vicinity 
of  the  reaction  zone.  It  would  appear  that  this  interaction  leads  to  a  much 
more  efficient  Raman-like  scattering  process  which  also  appears  to  be 
chemically  enhanced. 

While  further  experiments  will  be  necessary  to  clarify  the  mechanism  for 
the  scattering  process,  the  long  path  length  reaction  zone  employed  in  these 
experiments  appears  to  have  revealed  the  manifestation  of  a  significant 
cooperative  phenomena.  The  moderate  Rydberg  character  of  the  Na  3p^P  excited 
state,  with  its  diffuse  electron  density,  may  lend  itself  to  a  considerable 
long  range  interaction  inducing  cooperative  effects.  The  assessment  of  these 
surprising  cooperative  effects  should  be  the  subject  of  continued  study. 

The  intense  "Raman"  features  depicted  in  Figures  6-8  have  prompted 
preliminary  experiments  (Appendix  XVI)  to  assess  whether  a  stimulated  Raman 
process  might  be  operative.  The  path  length  of  the  active  medium  is  in 
excess  of  5  cm  (considerably  longer  than  most  gas  phase  chemical  reaction 
zones)  and  since  the  very  intense  D-line  pumping  is  distributed  virtually 
throughout  the  entire  extent  of  this  area,  we  attempted  to  assess  the  possible 
existence  of  a  gain  condition  on  any  of  the  suspected  Raman  features  (most 
likely  the  first  Stokes  line).  It  should  be  noted  that  gain  would  be 
predicted  on  the  basis  of  the  nonlinear  treatment  of  the  stimulated  Raman 
effect,  however,  the  gain  condition  might  also  be  achieved  for  certain  levels 
of  the  Na2  A-X  transition  through  the  resonance  Raman  effect  if  the  Na2  ground 
state  temperature  is  sufficiently  low. 

The  layout  of  the  gain  measurement  configuration  used  to  conduct  several 
preliminary  gain  measurements  is  depicted  in  Figure  9.  In  this  experiment,  a 
laser  beam  (HeNe  laser)  originating  ^15  ft  from  the  expansion  zone  is 
directed  through  a  small  adjustable  aperature  and  the  reaction  zone.  The  beam 
is  subsequently  reflected  back  through  the  aperture,  thus  insuring  that  the 
normal  of  the  reflector  is  perfectly  parallel  to  the  reaction  zone.  A  light 
gathering  lens  is  placed  intermediary  to  the  reaction  zone  and  the  adjustable 
aperature  so  that  light  from  the  HeNe  laser  is  reflected  from  the  back  mirror 
and  focused  onto  the  aperature.  Establishing  the  geometry  in  this  manner 
insures  that  the  optical  system  rejects  off-axis  light  rays  and  accepts  only 
radiation  parallel  to  the  optic  axis.  Consequently,  observed  output  light 
intensities  measured  when  the  high  reflector  is  blocked  can  be  compared  with 
intensities  measured  with  the  same  reflector  open  to  the  reaction  zone. 


12 


Q  04= 

2  c.o 

I -SI 

a>  c  c 

•-  ce.3 

M-O  £ 


4=  b 


<U 


|J8 

C 

■B  15 
MJ 

•B  C  » 
u  a  S 
C  o  i> 
3  o 

«  ~  « 
e  Gfl  **■ 
4>  cn 
P  's? 

Ih  •  ^  JiJ 
yi  ro 

C  ■  ■  ■» 
u  u  a 

s.s-S 

«  o  <U 
4=4=4= 
^ 

JS'jr  O 
=  O  *- 

'5.0  J» 

x>  g’w 
Ufa 

o  E  a. 
•^00 
8 1= 
E  8=5 
»  E  > 

.£  a>  2 
ti-C 
~  Jc 

§m» 

+Z  C/3 

c  O  . 

M  — * 

=  ®§ 
§•=  Q. 

fS  Mg 


3*  a>  <u 
=  1  ^ 
8  gjs 

*♦■4  *->  < 

c  10 

j=4=.2 

§  -.ts 

b  CXI. 
3  H  c 

2  o 
<ux>  ° 

E^  J 

•SjH 

&c  | 

«*-  3  B- 


<u 

u 

3 

GO 


Assuming  that  only  on-axis  radiation  can  be  reflected  from  the  mirror  and 
subsequently  detected,  the  maximum  intensity  ratio  for  the  unblocked  mirror 
(lu)  to  that  observed  with  a  blocked  mirror  (1^)  can  be  no  greater  than  two 
(neglecting  the  effects  of  gain  and  absorption  in  the  reactive  medium).  The 
detection  of  a  ratio  (lu/l^)  greater  than  two  is  suggestive  of  the  development 
of  enough  gain  in  the  reactive  medium  to  overcome  any  losses  due  to  absorption 
or  scattering.  Although  explicit  measurements  have  not  yet  been  performed, 
our  glass  optical  windows  typically  absorb  about  4%  of  the  incident  radiation 
per  pass.  Typically  the  distance  between  the  mirror  and  the  aperature  is  lm, 
with  the  aperature  narrowed  to  about  1  mm  in  diameter.  The  focal  length  of 
the  lens  was  about  12  cm. 

The  described  gain  configuration  was  used  to  make  several  measurements  at 
the  Stokes  frequency  (  vl6830  cm-^).  The  ratio,  Iu/lb>  was  consistently  found 
to  be  in  excess  of  2.3.  The  measurements,  performed  on  the  remaining 
satellite  peaks  suggested  ratios  of  order  slightly  greater  than  2.  Similar 
measurements  performed  on  the  Na  D  line  components  and  several  peaks  of  the 
thermally  relaxed  Na2  B-X  emission  system  (Figure  5  -  Appendix  X)  showed 
intensity  ratios  much  less  than  2,  the  maximum  intensity  ratio  monitored  at 
the  D-line  being  1.3.  Further  discussion  of  the  gain  measurements  can  be 
found  in  Appendix  XVI. ^9 

Extension  of  the  Nag  -  X(Cl,Br,l)  Amplifier  Concept 

The  Na2  amplifiers  which  we  have  characterized  in  the  visible  region 
operate  on  bound-bound  transitions.  It  is  not  difficult  to  envision  an 
extrapolation  on  the  Nag-X  reaction  concept  which  involves  the  alkaline  earth 
metal  trimers  and  the  formation  of  excited  state  dimers  which  can  undergo 
bound-free  excimer  transitions.  With  this  focus,  we  are  attempting  to 
generate  the  M2  excimer  analogs  of  the  Na2  laser  amplifiers  discussed 
previously.  The  ground  electronic  state  of  Mg2  is  very  weakly  bound. 

However,  detailed  calculations  suggest  the  Mg2  -  Mg  bond  strength  may  be  on 
the  order  of  0.6  eV,-^l  quite  comparable  to  that  of  Nag.  We  are  now  forming 
magnesium  molecules,  specifically  Mgg  and  Mgg,  and  observing  the  excited 
state  products  of  their  oxidation  with  F  and  Cl  atoms.  A  halogen  atom 
discharge  source  which  we  have  developed  to  study  the  Big  +  F  reaction-^  (see 
also  Appendix  IV)  is  being  used  to  investigate  the  Mgg-F,  Mgg-F,  Mgg-Cl,  and 
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Mg3"Cl  reactions.33  These  studies  will  soon  be  extrapolated  to  the  heavier 
alkaline  earths,  Cax  -  Bax.  To  date,  we  have  not  observed  strong  Mg2  emission 
from  the  Mg3  -  F,  Cl  reactions,  however,  surprisingly,  preliminary  results  on 
this  system  signal  the  formation  of  excited  state  MgxF  and  MgxCl  charge 
transfer  complexes  where  x  is  most  likely  two  (Appendices  VI,  X).  Although  we 
have  not  yet  demonstrated  the  potential  for  forming  an  Mg2*  based  excimer 
amplifier  laser  system,  the  creation  of  a  long-lived  MgxF  complex  suggests 
that,  with  some  modification,  this  may  be  feasible. 

Long  Range  Collisional  Stabilization  and  the  Symmetry  Constrained  Dynamics  of 
High  Temperature  Complex  Formation 

As  an  off-shoot  of  our  study  of  Group  IIA  cluster  halogen  atom  reactions, 
in  a  study  of  Group  IIA  metal-halogen  molecule  reactions,  we  have  now  clearly 
demonstrated  the  highly  efficient  collisional  stabilization  of  high 
temperature  complexes  of  some  considerable  spatial  extent.3^1  In  a  series  of 
near  single  collision  and  well-defined  multiple  collision  CL  and  LIF  studies 
extending  over  six  decades  of  pressure  (Appendices  XVII,  XVIII),  we 
demonstrate  the  stabilization  of  electronically  excited  Group  IIA  dihalide 
collision  complexes  via  a  radiative  three  body  recombination  (R3BR)  process 
operative  at  microTorr  pressures.  Over  the  pressure  range  1  x  10”^  -  5  x  10-^ 
Torr,  a  comparative  study  of  the  emission  from  M  (M  =  Ca,Sr,Ba)  - 
X2(Cl2,Br2» I2)  and  M-XY(ICl,IBr)  reactive  encounters  identifies  a  symmetry 
constrained  dynamics  associated  with  the  formation  of  the  dihalide  complexes 
(along  a  C2V  reaction  coordinate)  as  they  are  stabilized  by  interaction  with 
an  additional  halogen  molecule.  The  symmetry  constraint,  indicated  by  a  much 
weaker  emission  from  the  mixed  halogen  reactions  (especially  of  barium  and 
strontium),  signals  the  dominance  of  an  efficient  collisional  stabilization. 
The  onset  of  the  monitored  R3BR  process  at  1  x  10-3  Torr  defines  an  extremely 
large  stabilization  cross  section  which  cannot  be  readily  explained  within  an 
RRKM  framework. 

By  relaxing  the  near  continuous  emissions  (exemplified  for  Sr  reactions 
in  Figure  10)  observed  for  the  complex  formation  under  near  single  collision 
conditions,  controlled  multiple  collision  experiments  establish  the  previously 
challenged  stabilization  mechanism33  and  show  that  the  low  pressure  continua 
result  from  the  overlap  of  a  closely  spaced,  highly  excited,  rovibronic 
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distribution.  Further,  as  we  demonstrate  for  the  Sr-Cl2  reaction  in  Figure 
11,  these  multiple  collision  studies  reveal  the  first  vibronically  resolved 
electronic  emission  for  the  dihalides.  Comparative  studies  on  several  systems 
of  the  resolved  vibronic  emission  from  the  multiple  collision  experiments 
(Appendix  V)  provide  strong  confirmation  of  the  highly  efficient  collisional 
stabilization. 

The  observation  of  an  R3BR  process  at  pressures  as  low  as  1  x  10-3  Torr 
is  surprising.  A  steady-state  treatment  of  the  most  reasonable  mechanism  for 
dihalide  formation  via  collisional  stabilization  (within  the  RRKM  framework) 
which  models  the  chemiluminescence  signal  as  a  function  of  halogen 
concentration  can  be  shown  to  be  consistent  with  (1)  an  enormous  stabilization 
cross  section  of  order  o  ^  3000-5000  ft2  36  and  (2)  an  extremely  long  excited 
state  radiative  lifetime,  x  'b  10"2  seconds.  Within  an  RRKM  framework,  the 
collisional  stabilization  mechanism  requires  a  radiative  lifetime  well  in 
excess  of  10  3  seconds  in  order  that  emission  from  the  complex  compete 
favorably  with  the  excited  state  dihalide  loss  mechanisms.  Experiments 
indicate  that  the  process  appears  to  be  operative  for  much  shorter  lived 
excited  states. 

If  we  eliminate  the  requirement  for  a  long-lived  excited  state,  we  must 
require  a  considerably  larger  stabilization  cross-section  and  an  extremely 
long  range  interaction  involving  the  forming  Group  IIA  dihalide  excited  states 
and  their  relaxing  collision  partner.  It  is  clear  that  the  stabilization 
process  competes  favorably  with  unimolecular  decomposition  for  which  RRKM 
calculations  suggest  a  unimolecular  lifetime  (averaged  over  the  distribution 
of  energy  and  angular  momentum)  on  the  order  of  x  'b  10-2  seconds.  These 
factors  raise  the  question  of  whether  association  processes  in  these  systems 
can  be  treated  in  a  satisfactory  fashion  by  employing  some  variant  of 
unimolecular  rate  theory.  A  key  question  must  be  whether  dissociative 
processes  (well  characterized  by  RRKM  theory)  or  highly  efficient  energy 
transfer  dominates  these  high  temperature  environments.  We  suggest  that  some 
answers  to  this  question  can  be  obtained  by  monitoring  the  pressure  dependence 
of  the  chemiluminescence  over  pressure  ranges  extending  from  the  near  single 
collision  regime  (e.g..  Fig.  10)  to  the  relaxed  multiple  collision  regime 
(e.g..  Fig.  11). 

An  expansion  of  the  studies  we  have  outlined,  using  a  combination  of  CL 
and  LIF  techniques,  can  be  employed  to  carefully  define  the  periodicity  of 
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complex  formation,  and  the  importance  of  electronically  induced  pathways  for 
energy  flow.  In  the  final  analysis,  these  effects  are  associated  with 
dihalide  molecular  electronic  structure  and  its  attendant  effect  on  the 
dynamics  of  halide  formation.  They  should,  however,  be  manifest  in  all  high 
temperature  environments.  A  demonstrated  collisional  stabilization  not 
readily  explained  within  the  RRKM  framework  suggests  that  new  or  highly 
modified  models  will  be  necessary  to  explain  the  efficient  interaction  of 
electronically  excited  states  as  well  as  highly  vibrationally  excited  ground 
states.  The  data  from  this  study  now  begin  to  provide  important  information 
on  the  efficient  stabilization  of  excited  state  intermediate  complexes, 
defining  a  much  broader  range  of  interaction  than  has  typically  been 
associated  with  collisional  stabilization  phenomena.  The  demonstrated 
interaction  range  of  the  dihalides  (and  the  enhanced  interaction  of  high 
temperature  molecules  in  general)  has  direct  implication  for  the  understanding 
of  molecular  formation  and  energy  transfer  in  those  environments  which 
characterize  systems  operating  under  extreme  conditions.  A  neglect  of  these 
phenomena  in  models  of  chemical  lasing,  combustion,  propulsion,  or  shock 
driven  phenomena  renders  these  descriptions  unrealistic. 

NEAR  RESONANT  ENERGY  TRANSFER  FROM  METASTABLE  ENERGY  STORAGE  STATES  OF  SiO  AND 
GeO  TO  FORM  ATOM  BASED  LASER  AMPLIFIERS 


We  have  found  that  certain  near  resonant  intermolecular  energy  transfers 
proceed  with  extremely  high  cross  sections.  We  have  discovered  an  exciting 
family  of  reactions  that  efficiently  transfer  energy  from  the  metastable 
triplet  states  of  SiO''  and  GeO*  to  pump  select  excited  states  of  several 
atoms.  So  efficient  are  these  transfers  that  they  have  been  used  to  produce 
superf luorescence  from  Tl^  and  Ga-^>38  atoms  at  535  and  417  nm  and  amplified 
spontaneous  emission  (ASE)  from  Na  atoms^  at  569,  616,  and  819  nm  (Appendices 
VIII,  IX)  and  K  atoms  at  581  nm.  The  energy  stored  in  the  metastable  triplet 
states,  formed  from  the  Si(^P)  +  NO2,  and  Ge(-^p)  +  03^  reactions,  is 

transferred  to  pump  (Fig.  12)  X^P-^/2  T1  atoms  to  their  lowest  lying  ^S^/2 
state^  and  (Fig.  13)  X^Sj/2  Na  atoms'^  to  their  excited  3d^D,  4d^D,  and  5s^S 
states.  Adopting  a  pumping  sequence  in  which  a  premixed  Group  IVA  metalloid- 
receptor  atom  combination  is  oxidized,  we  observe  a  system  temporal  behavior 
which  suggests  the  creation  of  a  population  inversion  and  gain  condition  in 
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Figure  12(a):  T1  atom  energy  levels. 


Figure  12(b): 


Figure  12(c): 

Figure  13(a): 
Figure  13(b): 

Figure  13(c): 
Figure  13(d): 


T1 72Sla  -  6^  (535  nra)  superfluorescence  observed  at  a  signal  trigger  ievel  of  0.2  V  (fluorescent  level  ~ 

0.45  V).  The  measured  FWHM  is  <  5  ns  (compared  to  t  ~  7.5  ns.  the  radiative  lifetime  of  the  72S1;,  level.  A 
return  to  the  fluorescence  level  is  seen  subsequent  to  the  superfluorescence  pulse.  No  superfluorescent  pulse  is 
associated  with  the  T1  72S,_,  -  62P,,  (377  nm)  transition. 

T1 72S1/2  -  62P37  (535  nm)  superfluorescent  oscillation  observed  with  full  laser  cavity  configuration.  The 
superfluorescence/fluorescence  ration  (fluorescence  following  termination  of  lasing  action)  is  in  excess  of  100. 

Na  atom  energy  level  scheme  and  pumping  cycles  to  produce  dd^  and  5sJS  excited  states. 

Typical  energy  transfer  pumping  spectrum  for  Na  4d2D  -  3P2?  and  5s2S  -  3p*P  transitions  and  3p*P  -  3s2S  sodium 
D-line  emission.  The  D-line  emission  results  both  from  direct  energy  transfer  pumping  from  ground  state  N20 
and  from  fluorescence  to  the  3p2P  level. 

Energy  transfer  pumping  spectrum  corresponding  to  the  Na  Sd^  -  Sp2?  transition. 

Full  cavity  output  created  with  -0.2%  output  coupling  for  the  continuous  Si-SiO  (Si-N.O)  -  Na  amplifier  at  569 
nm.  The  full  cavity  output  is  compared  to  that  obtained  with  both  a  blocked  high  reflector  and  with  the  entire 
cavity  isolated  from  the  signal  detection  system.  The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtained  with  a  blocked  high  reflector  exceeds  103/1 . 


the  T1  and  Na  systems,  forming  the  basis  for  short  pulse  full  cavity 
oscillation  on  the  T1  72S1/2  "  62P3/2  transition  at  535  nm  (Appendix  I)  and 
continuous  oscillation  on  the  Na  4d2D  -  3p2P  transition  at  569  nm.  The 
continuous  oscillation  associated  with  the  sodium  system  (Appendices  VIII, 

IX),  in  particular,  demonstrates  an  astounding  energy  transfer  efficiency. 

One  might  envision  the  SiO  and  GeO  "a3S+"  and  "b3n"  states  forming  a 
combined  metastable  triplet  state  reservoir  which  is,  at  best,  weakly  coupled 
to  the  ground  electronic  state  (minimal  nonradiative  transfer).  This 

reservoir  can  be  maintained  and  can  transfer  its  energy  to  pump  the  atom  of 
interest  if  a  near  resonant  energy  transfer  is  feasible.  This  approach  is 
outlined  in  more  detail  in  Appendices  I,  VI,  IX,  and  XI. 

We  have  used  SiO  metastables  formed  in  the  Si-N20  reaction,  to 
successfully  energy  transfer  pump  Na  atoms  to  their  low-lying  5s2S  and  4d2D 
levels  from  which  they  subsequently  emit  radiation  at  A  ~  616  nm  and  569  nm  as 
they  undergo  transition  to  the  3p2P  levels.  The  accessed  Na  cycle  with  its 
5042  (4d2D  -  3p2P)  to  ^100  nanosecond  upper  state  radiative  lifetimes  (vs. 
for  example  T1  2S ^/2  at  ^nsec.^)  and  short-lived  terminal  laser  level  would 
appear  ideally  suited  to  obtain  higher  duty  cycle  laser  amplifiers  and 
oscillators.  We  also  obtain  evidence  for  the  energy  transfer  pump  of  the  Na 
3d^D  level  with  which  is  associated  an  atomic  emission  at  A  «  819  nm  ascribed 
to  the  Na  3d2D  -  3p2P  transition. 

In  order  to  study  amplification  in  the  sodium  and  potassium  systems,  we 
have  constructed  a  relatively  versatile  device  (Pig.  14)  (see  also  Appendices 
VI,  IX,  XI)  which  allows  us  to  obtain  a  moderately  long  amplification  path 
length. ^  This  construction  can  take  advantage  of  three  entrainment  flow 
configurations  for  silicon  or  germanium  in  the  cycle  producing  SiO  and  GeO 
metastables,  one  of  which  is  depicted  in  Fig.  14.  These  flow  configurations 
produce  one  of  the  longest  path  length  SiO  metastable  flames  (  5  +  cm)  yet 
obtained.  The  entrainment  flow  configuration  must  be  designed  to  create  large 
concentrations  of  SiO  (GeO)  metastables  which  are  intersected  at  'v  90°,  in 
subsonic  flow,  by  a  high  concentration  of  sodium  or  potassium  atoms.  The 
entrained  (argon,  helium,  nitrogen)  silicon  and  sodium  flows  can  also  be  moved 
in-situ  relative  to  each  other  and  hence  with  respect  to  the  reaction  -  energy 
transfer  -  amplification  zone  to  optimize  conditions  for  formation  of  the  gain 
medium. 

The  entrainment  flow  device  depicted  in  Figure  14  can  be  surrounded  by  a 
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Figure  14:  (a)  Schematic  of  reaction  chamber  and  windows  defining  optical 

train,  ballast  tank  to  moderate  pumping  fluctuations,  and  pumping 
configuration,  for  extended  path  lengths  Si-SiO  (Si-N20)-Na 
reaction  amplification  zone.  (b),(c)  Side  and  overhead  views  of 
reaction  chamber  showing  positioning  of  Si  oven  source,  relative 
locations  of  Si  and  Na  oven  sources,  oxidant  injection  system,  and 
relative  positions  of  these  devices  with  respect  to  the  optical 
train.  (d),(e)  Closeup  view  of  silicon  and  sodium  oven  assemb- 
blies.  (f)  Schematic  overwiew  of  reaction  chamber-amplification 
zone,  ballast,  and  pump  for  extended  path  length  Si-Si0(Si-N20)- 
Na  gain  medium.  The  figure  indicates  the  course  alignment  path 
(^15  ft)  for  the  HeNa  laser  and  its  correlation  with  the  optical 
train  surrounding  the  reaction  zone  and  terminating  at  the  mono¬ 
chromator  . 
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variety  of  optical  trains  to  measure  gain  and  lasing  in  the  Si-SiO-Na  system. 
These  are  discussed  in  detail  in  Appendices  VIII  and  XI.  The  three  sodium 
atom  transitions  at  A  »  569  nm  (a  0.1-0.15/cm),  X  «  616  nm  (a  ^ 

0 . 03-0 . 05/cm) ,  and  X  ~  819  nm  (a  0.02-0.03)  demonstrate  continuous  gain, 
although  optimal  gain  on  each  line  is  monitored  under  slightly  different 
mixing  in  the  amplification  zone  (App.  VIII).  The  gain  has  been  measured 
(Appendices  VIII,  XI)  at  all  three  wavelengths  using  the  ingeneous  design  of 
Roll  and  Mentel.^  We  compare  the  (paraxial)  single  vs.  double  pass  amplified 
spontaneous  emission  emanating  from  the  5  cm  amplification  zone  of  Fig.  14. 
Further,  at  569  nm,  two  additional  gain  measurements  have  been  performed 
(Detailed  -  Appendix  VIII),  one  deducing  the  amplification  of  the  4d^D  -  3p^P 
transition  from  a  sodium  discharge  lamp  and  a  second  employing  a  scanning 
single-mode  ring  dye  laser.  Preliminary  measurements  at  616  nm  using  the 
sodium  discharge  lamp  also  demonstrate  a  continuous  gain  condition. 

"Full  Cavity  Measurements" 

Full  cavity  measurements  (detailed  in  Appendices  VIII,  IX)  have  also  been 
made  on  the  sodium  system.  The  results  of  these  measurements  at  569  nm  for  a 
0.2%  output  coupled  stable  cavity  configuration  are  shown  in  Figure  15.  We 
find  that  the  ratio  of  the  output  for  full  cavity  operation  to  that  obtained 
with  a  blocked  high  reflector  easily  exceeds  10^.  Compare  also  the  signal 
level  observed  with  the  blocked  high  reflector  and  that  monitored  with  a 
completely  blocked  detector.  The  corresponding  ratio  obtained  operating  the 
full  cavity  below  threshold  using  the  0.2%  output  coupled  cavity  was  slightly 
greater  them  1.8  for  the  Na  D-line.  These  results  clearly  indicate  continuous 
laser  oscillation  in  the  sodium  system. 

The  value  slightly  greater  than  1.8  for  the  Na  D-line  should  be  compared 
to  a  maximum  of  1.2  for  a  much  more  lossy  4.5+%  output  coupled  device  (g^g2  % 
0.56).  In  fact,  a  maximum  (full  cavity/blocked  reflector)  ratio  of  order  1.9- 
1.95  is  typical  for  all  those  wavelengths  considered  (X  =  569,  616,  Na  D-line) 
when  conditions  in  the  reaction-amplification  zone  are  such  that  no  gain  is 
monitored.  We  have  also  observed  intermediate  behavior  associated  with  the 
establishment  of  moderate  but  not  optimal  gain  conditions. 
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Figure  15:  Full  cavity  output  created  with  %  0.2%  output  coupling  for  the 
continuous  Si-Si0(Si-N20)-Na  amplifier  at  X  =  569  nm.  These 
measurements  were  taken  in  continuous  flow  with  the  cavity 
configuration  depicted  in  Fig.  3(b).  The  full  cavity  output  is 
compared  to  that  obtained  with  both  a  blocked  high  reflector 
and  with  the  entire  cavity  isolated  from  the  signal  detection 
system.  The  ratio  of  the  output  obtained  for  the  full  cavity 
to  that  obtained  with  a  blocked  high  reflector  exceeds  10^/1. 
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Improvement  of  the  Energy  Transfer  Based  Configuration  -  Ultimate  Goals 
A.  Concentric  Reactant  Mixing 

While  the  outlined  configurations  have  been  used  to  demonstrate  lasing 
action  in  the  visible  region,  this  should  be  substantially  enhanced  with 
several  improvements  in  the  manner  in  which  the  lasing  medium  is  created  and 
the  laser  output  is  extracted  from  the  cavity.  The  mixing  zone  depicted  in 
Figure  14  is  greatly  stabilized  by  the  moderate  sized  (  15  cubic  feet) 
ballast  separating  the  150  cfm  pump  and  reaction  chamber.  While  this  insures 
that  the  90°  intersection  of  the  SiO  and  sodium  atom  flows  can  be  used  to 
establish  a  continuous  lasing  action,  the  90°  reactant  intersection  is  by  no 
means  optimal.  It  remains  to  increase  both  the  rate  limiting  silicon  and 
sodium  atom  concentrations  in  the  reaction  zone  while  maintaining  atomization. 
A  logical  way  to  approach  this  problem  involves  the  conversion  of  the 
intersecting  flow  configuration  of  Figure  14  to  a  concentric  interaction 
configuration.  We  are  currently  testing  and  modifying  the  two  designs 
depicted  in  Figure  16  (see  also  Appendices  IX  and  X)  as  a  means  of  attaining 
higher  reactant  -  amplifying  medium  concentrations.  These  two  designs  attempt 
to  create  a  more  efficient  mixing  of  those  constituents  forming  the  amplifying 
medium.  In  both  designs,  the  sodium  source  is  now  placed  directly  above  the 
silicon  source,  however,  the  designs  differ  in  the  sequence  in  which  they 
introduce  the  reactants.  One  design  (Fig.  16(a))  first  creates  the  SiO 
metastables  through  the  Si-^O  reaction  and  subsequently  interacts  the 
entrained  metastables  with  an  entrained  Na  flow.  In  a  slightly  modified 
design  (Fig.  16(b))  we  attempt  to  premix  concentric  entrained  flows  of  silicon 
and  sodium,  oxidizing  the  mixture  with  N2O.  The  two  designs  both  result  in  a 
substantial  enhancement  of  reactant  concentration  and  mixing  as  evidenced  by 
the  significant  ■v  100  fold  increase  in  light  emission  from  the  reaction  zone 
as  monitored  through  a  side-angle  viewing  port.  However,  they  also  produce  a 
significant  increase  in  particulate  matter  and  gas  phase  condensibles  for 
which  the  current  pumping  system  does  not  appear  to  be  well  suited.  These 
condensibles  have  the  attendant  affect  of  degrading  cavity  windows, 
substantially  increasing  loss  elements  in  the  optical  train.  With  some 
modification  of  the  pumping  system,  the  realignment  of  entrainment  flows,  the 
modification  of  entrainment  gases  to  best  suit  the  chemistry  of  the  system, 
and  the  adjustment  of  window  protecting  flows,  these  problems  should  be 


19 


He  or  Ar 


Silicon 


Sodium  and  Carrying  Gas 


Carrying  Gas  (NJ 


I 

Heat 

Water-Cooled  Reflector  _ranhito 

Brass  Jacket  Tantalum 

Heater 


Zirconia 
'  Zirconia  Collar 
Felt 


Figure  16(a): 

Concentric  configuration  for  energy  transfer  pumping.  The  sodium  oven  is  placed  above  the  silicon  oven.  The 
oxidant  N20  is  introduced  into  the  silicon  flow  to  form  SiO*  which  then  interacts  with  sodium  vapor.  The  energy 
transfer  zone  is  approximately  1 "  above  the  silicon  oven. 

Figure  16(b): 

Concentric  configuration  for  energy  transfer  pumping  with  a  sodium  and  N20  injector  nozzle  array  placed  above 
the  silicon  oven.  In  this  configuration  the  sodium  and  silicon  are  mixed  before  the  oxidant  is  introduced  to  initiate 
the  energy  transfer  process. 
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Figure  17: 

Energy  transfer  pumping  spectra  obtained  for  (a)  Ar  and  (b)  N2  entrainment.  The  observ  ed  Na  4d2D  -  3p2p  emission 
feature  (~  569  nm)  is  seen  to  increase  precipitously  in  intensity  relative  to  the  Na  3p2P  -  3s2S  D-line  (~  590  nm)  with 
change  of  entrainment  gas  from  Ar  to  N2. 


greatly  alleviated. 


B.  Considering  Self  Absorption  and  Self  Quenching 

The  increase  of  reactant  concentrations  may  lead  to  a  leveling  off  and 
eventual  loss  of  the  gain  condition  if  self-absorption  on  the  Na  D-line 
transitions  becomes  a  dominant  factor  or  SiO  triplet  self-quenching  begins  to 
play  a  deleterious  role.  Evidence  is  obtained  for  some  self -absorption  at  the 
highest  sodium  concentrations  when  the  alkali  atom  production  dominates  the 
concomitant  SiO  metastable  production.  With  our  sodium  atom  source  operated, 
in  the  absence  of  interacting  silicon  or  N2O,  at  the  temperature  which  we  have 
employed  to  produce  the  highest  flux  densities  in  the  amplification  zone,  we 
have  measured  the  attenuation  of  the  Na  D-line  emission  from  a  sodium 
discharge  lamp.  We  find  an  attenuation  which  is  much  less  than  50%.  In 
combination  with  the  cross  section  for  self  absorption,  4  x  10” ^  cm^,  as 
measured  by  Ermin  et  al. ,  ^  this  suggests  a  sodium  atom  concentration  close 
to  that  estimated  for  the  system  (Appendices  VIII,  IX,  XI).  Of  course,  in  the 
presence  of  the  N2O  and  silicon  reactants,  the  attenuation  due  to  self 
absorption,  while  evidenced,  is  considerably  diminished  ( 'v  5  -  10%). 

Although  concern  with  the  possible  deleterious  effect  which  a  pumping  of 
the  Na  D-line  might  have  on  transitions  terminating  in  the  3p^P  level  is 
somewhat  alleviated  in  the  present  system  by  the  sodium  discharge  experiments 
of  Tribilov  and  Shukhtin,^  and  the  0.01  second  duration  laser  pulse  for  the 
Na  4s^S  -  3p^P  infrared  transition  observed  by  Mishakov  and  Tkachenko^  as 
quasi continuous  lasing,  it  must  eventually  limit  the  size  of  the  laser 
systems.  However,  this  might  be  forestalled  to  great  degree  if  we  take 
advantage  of  the  efficient  quenching  of  Na  Sp^P  atoms  which  Tanarro  et  al. 
have  demonstrated  for  N2  and  CO.  In  fact,  as  demonstrated  in  Figure  17,  if  we 
replace  the  Si-SiO  and  Na  entraining  argon  or  helium  gases  with  N2,  we  observe 
a  pronounced  effect  on  the  energy  transfer  spectrum  taken  for  an  intermediate 
sodium  flux. 

C.  Nitrogen  vs.  Argon  Entrainment 

While  the  569  nm  feature  is  dominated  by  the  Na  D-line  emission  when 
argon  is  used  as  an  entrainment  gas,  its  intensity  can  be  made  to  exceed  that 
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of  the  D-line  when  N2  is  used.  This  result,  obtained  and  repeated  for 
successive  scans  taken  during  the  same  experimental  run,  suggests  the 
possibility  for  a  considerable  enhancement  of  the  569  nm  output.  This 
improvement  might  well  result  from  the  quenching  of  Na  3p2P,  however,  it  might 
also  result  from  an  increased  inhibition  of  the  Na  +  N2O  ■*  NaO  +  N2  reaction 
as  the  equilibrium  is  forced  toward  reactants. ^ 

D.  Output  Coupling 

The  experiments  conducted  thusfar  have  made  use  of  two  distinct  output 
coupling  configurations.  As  well  as  improving  reactant  concentrations  the 
optimum  output  coupling  for  the  current  cavity  remains  to  be  evaluated.  We 
have  constructed  a  modification  which  will  allow  removal  of  the  cavity 
windows  that  represent  significant  loss  elements.  With  these  improvements  and 
further  collaboration  in  both  cavity  and  output  coupling  design  with  Professor 
Lee  Sentman  and  his  group  at  the  University  of  Illinois, the  output  from  our 
full  cavity  configuration  should  be  substantially  enhanced. 

System  Modeling 

Recently,  Smith  et  al.^  carried  out  a  laser  chemistry  modeling  effort  on 

the  SiO-Na  system.  Starting  with  the  initial  concentrations  of  the  reactants 

Na,  Si,  and  N2O  which  are  achievable  in  the  present  system  these  authors  have 

used  a  model  which  includes  the  10  possible  processes 
& 

1.  Si+N20  ■*  SiO  +N2  -  metastable  excited  state  formation. 

2.  Si+N20  -»  SiO+N2  -  ground  state  formation  -  power  depleting. 

3.  SiO^+Na  ->  SiO+Na*  (4d2D)  -  upper  state  amplifying  transition. 

4.  SiO^+Na  ■*  SiO+Na*  (3p2P)  -  terminal  level  amplifying  transition. 

5.  SiO^+SiO''  ->  SiO+SiO  -  self  quenching  of  SiO  metastables. 

6.  Na''  (4d2D)  -»  Na*  (3p2P)  +  hv  (569  nm)  -  spontaneous  emission. 

7.  Na*  (4d2D)  +  hv  (569  nm)  Na*  (3p2P)  +  2h  (569  nm)  stimulated  emission. 

8.  Nax  (3p2P)  +  hv  (569  nm)  -»  Na''  (4d2D)  -  optical  pumping . 

9.  Nax  (3p2P)  -»  Na*  (3s2S)  +  hv  (569  nm)  -  spontaneous  emission. 

10.  hv  (569  nm)  -»  hv  (569  nm)  outcoupling  fraction  for  569  nm  photons  (laser 
cavity  5  cm  in  length  -  mirror  reflectivities  99.99  and  99.80%. 

Using  known  kinetic  rates,  variable  initial  concentrations,  reasonable 
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and  variable  rates  for  those  processes  which  have  not  been  directly  measured, 
and  assuming  a  closed  reaction  in  which  the  reactants  are  not  replenished. 
Smith  et  al.3^  have  deduced  temporal  profiles  for  the  Na  concentration,  569 
nm  photon  concentration,  energy  density,  and  power  density.  They  conclude 
that  order  of  magnitude  increases  in  the  initial  concentration  of  Si  or  N2O 
have  a  profound  effect  on  the  system  (power  density  increase)  whereas 
significant  changes  in  the  Na  concentration  have  relatively  little  effect. 

This  signals  the  rate  limiting  nature  of  the  silicon  concentration  and  the 
importance  of  the  branching  into  the  metastable  triplet  states.  It  is  also  to 
be  noted  that  a  significant  increase  in  power  density  may  be  muted  by  SiO 
self  quenching,  the  rate  of  which  certainly  must  be  established  for  these 
systems.  For  the  diversity  of  initial  reactant  concentrations  and  rates  used 
in  their  model.  Smith  et  al.51  predict  output  power  densities  peaking  between 
100  (strong  SiOx  self  quenching)  and  7000  mW/cc.  These  results  are  quite 
encouraging. 

Extension  of  Near  Resonant  Intermolecular  Energy  Transfer  Concept  to 
Additional  Energy  Transfer  Pumped  Atomic  Receptors 

While  we  have  emphasized  the  results  obtained  thusfar  for  the  sodium 
system  based  on  an  SiO  metastable  pump,  it  is  also  feasible  to  use  GeO 
metastables.  In  fact,  we  have  obtained  evidence  that  the  energy  transfer 
pumping  of  the  sodium  analog  potassium  based  amplifiers  associated  with  the 
5d2D  -  4p2P  (  A  =  581,  583  nm),  4d2D  -  4p2P  (  A =  694,  697  nm),  and  6s2S  -  4p2P 
(  A=  691,  694  nm)  potassium  atom  transitions  might  best  be  accomplished  with 
pumping  by  GeO  metastables. 

We  have  also  successfully  energy  transfer  pumped  potential  amplifying 

transitions  in  lead  (Pb),  copper  (Cu),  and  tin  (Sn)  receptor  atoms.  Two  of 

these  systems  are  particularly  intriguing.  Figure  18  demonstrates  the  results 

we  have  obtained  when  interacting  SiO  metastables  (Si-^O)  with  lead  receptor 

atoms  (see  also  Tables  III  and  IV  -  Appendix  XI).  Observed  Pb  transitions  are 

indicated  to  the  right  of  the  figure.  First,  we  notice  that  self  absorption 

3 

involving  ground  state  Pb  atoms  is  so  dominant  that  no  emission  to  the  X  Pq 
ground  state  is  observed.  Second,  we  find  significant  pumping  of  both  the  Sq 
and  levels.  The  corresponding  transitions  from  the  ^Sq  level  terminate  in 
the  lowest  X  3P2  (531.2  nm)  and  X  3PX  (462  nm)  levels.  It  is  thought  that 
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Figure  18:  Comparison  of  lead  -  SiO  (A^E^b^n)  near  resonant  energy  transfer 
spectra.  Metastable  SiO  molecules  were  created  in  the  reaction  Si 
+  N2O  ->  SiO"  +  N2.  (a)  The  spectrum  corresponds  to  a  portion  of 

the  SiO  metastable  emission  spectrum  before  lead  atoms  are  brought 
into  the  reaction  zone,  (b)  Spectrum  recorded  with  high  Pb  flux 
(  'v  torr  vapor  pressure)  showing  the  manifestation  of  energy 
transfer  pumping  to  produce  electronically  excited  ^P°,  ^Sq  and 
^2  levels  of  the  lead  atom.  (c)  Energy  levels  for  the  lead  atom 
with  observed  transitions  as  indicated  in  (b). 
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collisional  quenching  and  relaxation  of  the  1Sq  level  will  be  minimal  relative 
to  that  of  the  X  3P  manifold. 33  This  may  lead  to  potential  inversions  and 
amplification  at  1  =  462,  531  nm.33  The  well  known  lead  laser  transition  at 
*  =  723  im/*6  with  an  A  value  MO6  sec-1  terminates  on  the  1D2  level. 
Surprisingly,  we  find  no  evidence  for  this  transition  which  eminates  from  the 
upper  3P°  level  (Fig.  18).  We  do  find  evidence  for  the  3P1°  -  X  3P1  and  3P]° 

-  X  3P2  transitions  and  for  the  *D2  -  3PX  transition  at  733  nm.3Z*  This 
suggests  that  the  3P^  -  ^D2  transition  may  be  self-absorbed  due  to  a 
significant  3D2  population.  If  we  have  observed  the  manifestation  of  a 
substantial  3D2  population,  does  this  result  from  direct  energy  transfer 
pumping  or  is  the  ^D2  state  populated  by  the  723  nm  transition  at  times 
considerably  shorter  than  the  time  scale  for  the  present  observations?  This 
must  be  assessed  in  future  experiments.  The  results  obtained  for  the  energy 
transfer  pumping  of  lead  atoms  certainly  suggest  the  possibility  of 
additional  amplifier  systems.  It  is  particularly  encouraging  that  some  of 
these  may  represent  four  level  systems  which  obviate  the  self  absorption 
bottleneck  that  may  plague  the  Si-SiO-Na  system  at  high  Na  concentration. 

The  near  resonant  energy  transfer  pumping  of  copper  vapor  is  of  interest 
not  only  because  of  the  close  analogy  which  it  bears  to  the  sodium  and 
potassium  systems  but  also,  as  Figure  19  indicates,  because  it  is  possible  to 
energy  transfer  pump  the  copper  vapor  laser  transitions33  (see  also  Table  IV  - 
Appendix  XI)  using  metastable  SiO  (Si-SiO-Cu  system).  However,  it  is  also  of 
interest  that  the  results  demonstrated  in  Figure  19  were  obtained  using  an 
approach  which  represents  a  significant  extrapolation  from  the  configuration 
in  which  a  "premixed"  Tl/Ge  mixture  has  been  used  to  obtain  pulsed 
amplification  on  the  T1  “  ^3/2  transition.^*3  Here,  Si  and  Cu  were 

premixed  and  co-vaporized  from  a  single  crucible.  The  resulting  mixture  was 
then  oxidized  to  yield  the  observed  energy  transfer  pumping  spectrum  depicted 
in  Figure  19.  (It  is  worth  noting  that  N20,  used  as  the  oxidant,  produces  a 
dark  reaction  with  copper  vapor.) 

The  results  presented  in  Figures  18  and  19  clearly  demonstrate  that  there 
are  intriguing  variations  on  the  sodium  based  system.  In  fact  the  level 
structure  depicted  suggest  that  the  three  level  excitation  scheme  may  offer  a 
considerable  range  of  radiative  configurations  (lifetimes)  which  can  be 
accessed  in  near  resonant  pumping. 
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Figure  19:  Copper  -  SiO  (a^E+,b^Il)  near  resonant  energy  transfer  spectra 

generated  from  a  "premixed"  Si-Cu  mixture  subsequently  oxidized 
with  N2O.  (a)  Spectrum  showing  a  portion  of  the  SiO  metastable 
emission,  the  Cu  2^3/2  “  ^5/2  blue  green  emission  line  (copper 
vapor  laser)  and  the  Cu  P 3/2  1/2  -  ^3/2  yell°w“°range  emission 
features,  (b)  Energy  levels  ior  the  copper  atom. 
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Figure  19  Copper  -  S10  (*V,  b^H)  near  resonant  energy  transfer  spectra 
ganaratad  fro*  a  "praaixad”  Si-Cu  aixtura  subsaquantly  oxidicad 
with  N2O.  (a)  Spactrua showing  a  portion  of  tha  SiO  aatastabla 
aaission.  tha  Cu  ^f3/2*^^S/2  graan  amission  lino  (coppar  vapor 
laaar)  and  tha  Cu  **3/2  l/2’Z®3/2  /•llow-oranga  aaiaaion  faaturas. 
(b)  Enargy  lavals  for  tna  coppar  atoa  with  obaarvad  transit iona  aa 
indicatad  in  (a)e  Saa  taxt  for  diacuaaione 


Improving  the  Si  Atom  and  SiO  Metastable  Source  Configurations 

In  order  to  obviate  the  need  for  a  high  temperature  source  technology  to 
generate  the  silicon  atoms  which  are  subsequently  oxidized  to  form  metastable 
SiO,  we  have  been  concerned  with  the  conversion  of  gaseous  silane  (SiH4 )  in 
high  yield  to  atomic  silicon.  The  development  of  a  successful  device  for  the 
generation  of  silicon  atoms  and  SiOx  species  in  large  yield  might  also  prove 
useful  to  the  microelectronics  industry.  The  sources  which  we  have 
constructed  and  tested  can  be  categorized  into  three  groups  involving  low 
temperature  thermolysis  +  subsequent  discharge  through  the  products  of  thermal 
decomposition,  low  and  elevated  temperature  thermolysis  followed  by 
photolysis,  and  a  hybrid  approach  which  involves  the  thermolysis  of  silane 
over  bulk  silicon  viz. 

A 

SiH4  +  Si  -  2SiH2  discharge  2Si  +  2H2  (4) 

at  temperatures  considerably  below  those  required  to  vaporize  bulk  silicon. 
Note  that  the  process  (4)  is  attractive  because  it  yields  two  silicon  atoms. 

Figure  20  depicts  an  initial  silane  discharge  configuration  where  SiH4 
passing  into  a  nozzle  arrayed  copper  tube  (representing  the  cathode)  then 
passes,  inside  a  dielectric  insulating  shell,  to  a  copper  screen  covered 
(anode)  exit  slit.  This  configuration,  inserted  into  the  previously  developed 
SiO  source  configuration,  replacing  the  high  temperature  Si  oven  (side  view 
Figure  20(b)),  has  been  used  in  preliminary  experiments  to  pump  the  B-X 
transition  of  molecular  bromine.  The  preliminary  results  outlined  in  Figure 
21  suggest  that  well  established  optically  pumped  Br2  (BrCl  and  IF)  lasers 
with  ideal  excited  state  radiative  lifetimes  (B-X  transition)  might  be 
accessible  to  an  efficient  SiO  metastable  energy  transfer  pump  quite  analogous 
to  that  observed  for  A  state  nitrogen  and  the  halogens. 

The  thermal  decomposition  of  silane  is  thought  to  be  initiated  through 
the  reaction 

SiHA  A->  SiH2  +  H2 

where  further  decomposition  of  the  silylene  (SiH2)  may  progress  to  form  atomic 
silicon  and  molecular  hydrogen.  This  latter  reaction  must  compete  with  the 
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reaction  of  silylene  and  silane  to  produce  higher  silanes  which  can  ultimately 
result  in  gas  phase  nucleation  without  careful  control.  The  reactivity  of 
silylene  and  silane  has  been  suggested  as  an  explanation  for  the  low 
concentrations  of  SiH2  in  electric  discharges  through  silane  where  it  (Sil^) 
is  predicted  to  be  an  important  intermediate  of  the  discharged  silane 
decomposition.-^ 

The  considerations  outlined  suggest  that  for  the  pyrolysis  of  silane  or  a 
combination  of  pyrolysis  and  discharge  through  the  thermolizing  products  to 
proceed  completely  to  silicon  and  hydrogen,  it  should  be  accomplished  in  an 
inert  diluent  to  prevent  side  reactions.  In  an  attempt  to  measure  the 
unimolecular  decay  rate  for  silylene,  Votintser  et  al.-^  employed  dilutions 
ranging  from  0.0004  -  0.001%  of  silane  in  argon  in  order  to  study  the 
decomposition  in  a  shock  tube  environment.  These  considerations  must  also  be 
employed  when  developing  a  thermolysis  based  source  for  the  production  of 
metastable  SiO. 

Figures  22,  23,  and  24  indicate  several  early  pyrolysis  configurations 
which  have  been  tested  in  the  High  Temperature  Laboratory.  Here  we  attempted 
to  pyrolyze  the  silane  directly  using  either  a  carbon  (Fig.  22),  nickel  (Fig. 
23),  or  tantalum  wrapped  ceramic  (mullite)  tube  (Fig.  24),  again  placed  within 
the  modified  confines  of  our  previously  developed  SiO  source  configuration. 

We  find  significant  conversion  to  silicon  with  all  three  designs,  their 
limitation  resulting  primarily  from  the  blockage  of  inlet  and  exit  ports  due 
to  silicon  condensation.  This  clearly  signals  the  need  for  diluent  gas 
entrainment  -  flow  techniques  as  a  means  of  limiting  condensation  of  the 
silicon  atoms  at  temperatures  far  below  the  melting  point  of  silicon.  These 
modifications  are  now  tinder  consideration  in  our  laboratory.  We  are  also 
considering  further  modifications  in  conjunction  with  the  reconstruction  of 
the  discharge  configuration  outlined  in  Figure  20. 

Figure  25  outlines  a  hybrid  discharge-pyrolysis  source  which  incorporates 
the  designs  of  Figures  20  and  23.  Here  we  attempted  to  pyrolyze  the  silane  in 
a  nickel  tube  furnace  which  also  acted  as  the  cathode  for  a  discharge 
configuration.  With  some  modification  to  include  diluent  flow  in  a  more  open 
configuration,  this  silicon  source  design  appears  promising. 

The  design  depicted  in  Figure  26  represents  a  discharge  device  in  which 
we  attempted  to  better  confine  the  gas  flow  by  enclosing  the  silane  inlet/ 
electrode  assembly  in  a  teflon  housing.  With  a  proper  balance  of  diluent  gas. 
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this  configuration  might  eventually  prove  successful  for  a  discharge  based 
configuration,  however,  it  will  require  modifications  to  avoid  atomic  silicon 
condensation  in  the  discharge  channel. 

Figure  27  depicts  a  configuration  in  which  we  have  attempted  to  engineer 
(as  in  Equation  (A))  the  conversion  of  a  silane-silicon  interaction  to  produce 
two  silylene  radicals  and  subsequently  two  silicon  atoms.  Here  silane  was 
made  to  flow  over  silicon  contained  and  heated  in  a  carbon  tube  furnace.  This 
approach,  with  a  proper  balance  of  diluent  also  appears  promising.  In  the 
absence  of  diluent,  the  efficient  conversion  of  the  silane  to  silicon  and  its 
subsequent  condensation  soon  produces  a  blockage  of  oven  components.  If  this 
problem  can  be  remedied,  the  configuration  of  Fig.  27  appears  to  represent  an 
excellent  SiO  metastable  source  configuration. 

Figures  28  and  29  depict  tubular  pyrolizer  configurations  which  we  have 
now  used  in  the  High  Temperature  Laboratory  to  produce  intense  SiO  metastable 
flames.  Figure  28  depicts  a  single  pyrolizer  whereas  Figure  29  depicts  the 
tandum  assembly  which,  mounted  in  a  ceramic  base,  can  be  used  to  produce  an 
extended  path  SiO  metastable  flame.  The  pyrolizers  are  constructed  from 
alumina  tubing  (  %  6mm  l.D,  10  cm  in  length)  and  employ  a  tantalum  heating  wire 
wrap  sealed  by  high  temperature  cement  and  surrounded  by  a  tantalum  heat 
shield.  Silane  in  an  argon  diluent  (  ^ 1-5%  SiH/,)  produces  a  significant 
silicon  flux  which,  when  reacted  with  N2O  produces  the  intense  SiO  metastable 
flame  depicted  in  Figure  30. 

Figures  31(a)  and  (b)  represent  an  assembled  and  expanded  view  of  the 
sintered  glass  reaction  channel  which  we  are  using  to  attempt  to  overcome  the 
silicon  condensation  problem.  Here,  the  silane/diluent  mixture  passes  through 
a  sintered  glass  inner  channel,  the  walls  of  which  are  permeable  to  an 
entraining  argon,  helium,  or  nitrogen  gas  flow  (so  as  to  prevent  condensation 
on  the  inner  channel  walls).  This  device  has  now  been  used  to  produce  a  weak 
SiO  flame  and  will  therefore  be  developed  further  in  the  High  Temperature 
Laboratory. 

With  improvements  in  the  arsenal  of  sources  we  have  outlined,  we  are 
confident  that  we  will  be  able  to  obtain  substantial  SiO  metastable 
concentrations  in  excess  of  10^/cc  using  a  hybrid  thermolysis  -  discharge 
(photolysis)  source  operating  at  a  temperature  considerably  below  the  silicon 
metalloid  melting  point. 
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Exploded  view  of  sintered  glass  channel  and  housing  assembly.  The  glass  assembly  is  sealed  to 
a  shelf  in  the  housing  and  the  lower  face  of  the  top  plate  with  high  temperature  cement.  The 
space  between  the  glass  channel  and  the  housing  is  pressurized  with  a  neutral  gas  introduced 
through  holes  in  two  inlet  tubes  (one  tube  is  visible  in  this  side  view).  The  housing  is  heated 
with  a  Thermocoax  wrap.  Silane  is  introduced  through  the  bottom  slit  in  the  housing,  the 
dissociated  species  exit  through  the  top  slit. 

Length  of  brass  housing  is  approximately  75  mm,height  is  30  mm  (including  top  plate)  and 
width  is  30  mm. 
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INTRODUCTION 

'T'HE  development  of  chemically  driven  visible  lasers 
,.A  has  a“racted  the.  attention  of  several  researchers  over 
the  past  20  years.  On  the  basis  of  these  studies,  it  has  been 
suggested  that  most  successful  electronic  transition  chem¬ 
ical  lasers  will  require  a  two-step  approach  in  which 
chemical  energy  is  released  and  stored  in  an  initial  step 
and  this  energy  is  then  rapidly  transferred  to  an  appropri¬ 
ate  laser  medium  m  a  second  step  flj.  Although,  in  rare 
“  fJterTlat,ve  and  more  d»rect  route  may  be  pos- 

anUm  hl’  pur?u,t  °[a  successful  energy  transfer  mech¬ 
anism  has  been  the  subject  of  the  present  study.  We  have 

chosen  to  implement  the  energy  transfer  sequence  using 
metastable  electronically  excited  states  of  SiO  and  GeO 
formed  in  highly  exothermic  chemical  tractions  as  a 
means  of  energy  transfer  pumping  visible  laser  transitions 
m  the  Group  IIIA  metals  Ga,  In,  and  TI.  In  this  effort,  we 
obram  evidence  which  suggests  the  efficient  pumping  of 
thallium  and  gallium  atoms  to  obtain  amplification  in  the 
form  of  a  superfluorescent  laser  pulse  associated  with  the 
TI  7  S,/2-6  P3/2  (0.535  pm)  and  Ga  525,/2-42P, ,,  (0.417 

^ZTSm°n?-  Further’  we  have  observed  what  appears 
rnan_1£stat,°n  of  laser  oscillation  associated  with 
the  thallium  7  S,/2-6  P}/2  transition  pumped  through  en- 
ergy  transfer  from  GeO.  The  results  obtained  in  the  cur- 
rem  study  are  in  excellent  agreement  with  those  obtained 
by  Isaev  and  Petrash  in  their  study  of  “superradiant” 
emission  from  TI  discharges  [3],  ^  ant 

We  wish  to  make  use  of  the  near-resonant  fast  inter- 
molecular  energy  transfer  scheme 


pump:  MO*  +  X2P]/2  -  X*  (251/2)  +  MO' 
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lasing:  X *  (2J1/2)  -  (2/»3/2)  +  hv  (2) 

where  the  metal  oxide  MO*  corresponds  to  the  low-lyine 
metastable  a  I  and  b3n  states  of  SiO  and  GeO  formed 

incfhMoi1~N2°’  Si~N°2’  Ge-N20,  and  Ge-03  reactions 
and  MO  corresponds  to  the  ground  state  vibrationally  ex¬ 
cited  oxide^  In  the  present  study,  the  metal  oxide  excita¬ 
tion  must  be  transferred  rapidly  to  a  Group  IIIA  atom 
pumping  the  ground  *2/>,  /2  state  to  the  excited  2S,  ,  M 

emft'radift  SeqUCm,y’  ^  Gr°UP  IHA  at0ms  in  this‘ lev^ 
em, t  rad, anon,  a  component  of  which  is  associated  with 

Zneni  nA  3/2  "S"°n  t0  the  uPPer  SP>"  orbit  com¬ 

ment  of  the  ground  electronic  state.  Provided  that  the 

5|/2  level  030  ^  «  a  rate  comparable  to  the  ex- 
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Fig.  I  Comparison  of  low-lying  energy  levels  in  thallium,  indium,  and 
gallium.  Dark  arrows  indicate  superfluorescent  transitions. 


cited  state  radiation  lifetime  or  the  X ~P3  /2  atoms  can  be 
removed  rapidly  from  the  reaction  zone,  the  pulsed  reac¬ 
tion-amplification  sequence  ( 1,  2)  can  be  initiated.  Here, 
we  present  evidence  which  suggests  that  the  2Sl/2-2Pi/2 
transition  can  be  made  superfluorescent  for  thallium  and 
gallium  atoms  provided  that  the  metalloid  silicon  and  ger¬ 
manium  atoms  are  first  intimately  mixed  with  thallium  or 
gallium  atoms,  followed  by  initiation  of  the  reaction-am¬ 
plification  sequence.  Because  the  2P3/1  level  is  metasta¬ 
ble,  this  is  a  self-terminating  system. 

Gallium,  indium,  and  thallium  were  chosen  as  prom¬ 
ising  candidates  for  the  transfer  scheme  considered  be¬ 
cause  these  atoms  have  regular  ground  electronic  2P  states 
with  substantial  spin-orbit  splittings  [4],  826.24  cm-1 
(Ga),  2212.56  cm'1  (In),  and  7792.7  cm'1  (TI),  and  ex¬ 
cited  5) /i  states  which,  for  thallium  and  gallium,  are  in 


very  near  resonance  with  the  SiO  or  GeO  triplet  states. 
Photodissociation  lasers  involving  the  upper  2S,/2  atomic 
state  were  already  known  to  exist  [5]  operating  on  the 
strongly  allowed  *S|/2-2/>3/2  transition;  however,  of  most 
importance  to  this  study  are  the  results  of  Isaev  and  Pe- 
trash  [3]  who  obtain  evidence  for  “superradiant”  emis¬ 
sion  from  “S|  ,1  Tl  atoms  pumped  in  a  discharge  configu¬ 
ration.  Further,  the  '-Sj  /2—  P3/2  transition  bears  an  analogy 
to  the  level  structure  associated  with  the  iodine  atom 
chemical  laser  [6]-[12]. 

The  success  of  our  outlined  approach  depends  on  1)  the 
ability  to  produce  copious  quantities  of  the  SiO  and  GeO 


metastable  energy  storage  states  in  “high  quantum  yield” 
chemiluminescent  reactions  [1],  2)  the  ability  to  produce 
reasonable  Group  IIIA  atom  X2P \/2  concentrations  and 
simultaneously  minimized  X2P3/2  concentrations  before 
the  processes  1)  and  2)  are  made  to  occur  [1],  and  3)  the 
small  energy  defect  (near-resonant)  highly  efficient  inter- 
molecular  energy  transfers  (Fig.  2)  that  can  rake  place 
between  the  Group  IIIA  metals,  especially  Tl  and  Ga,  and 
the  SiO  and  GeO  metastable  states,  leading  to  the  pump¬ 
ing  of  those  levels  accessible  via  excitation  of  the  lowest 
^*i  /2  spin-orbit  component  of  the  Group  IIIA  atom  ground 
state. 
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Fig.  2.  Energy  level  diagrams  for  thallium.  SiO  a-X.  and  GeO  a-X.  En¬ 
ergy  increments  associated  with  v'  =  0.  SiO  a'l*.  and  the  Tl  7;S,  ,- 
6\^V2'  6  O,  :-6'P,  ,,.  and  6:D,  ;-6:D,  ,  transitions,  v'  =  0.  GeO 
“  and  the  Tl  VS,/z-62Ps  ,  transition,  and  v'  =  3.  GeO  a'E* .  and 
the  Tl  6‘D,  2-6'P 3  ,;  and  6 ~DS  ,-6:F,  ,  transitions  are  indicated  as  ex¬ 
emplary  ((A)  in  wavenumbers].  See  also  Tables  I  and  II. 


There  are  six  possible  reactions  involving  silicon  and 
germanium  atoms  and  the  oxidants  N20,  NO:,  and  O,.  In 
order  to  produce  the  metastable  SiO  and  GeO  storage 
states,  we  have  selected  four  combinations  excluding  the 
Ge-N02  and  Si-03  reactions.  The  exothermicity  of  the 
Ge-N02  reaction  precludes  triplet  state  formation.  The 
Si-Oj  reaction,  while  sufficiently  exothermic,  is  strongly 
dominated  by  a  reactive  branching  into  short-lived  excited 
singlet  states  [13],  [14],  and  the  Si-Tl-Oj  system  displays 
minimal  energy  transfer  pumping  of  the  Tl  2S,  /2  excited 
state  level. 

Recent  studies  in  our  laboratory  [1],  [13]  correlated  with 
those  of  previous  workers  [13],  [15]  indicate  the  follow¬ 
ing.  1)  The  Si-N20  and  Ge-N20  reactions  appear  to  be 
spin  conserving,  favoring  substantial  metastable  a3E* 
(SiO,  GeO)  and  63II  (SiO)  electronic  state  production.  2) 
When  the  Si-N20  and  Si-N02  reactions  are  studied  across 
a  wide  pressure  range  from  very  low  pressures  to  several 
torr,  one  monitors  a  combination  of  vibrational  relaxation 
within  the  a3E+  and  b3II  manifolds,  as  well  as  ultrafast 
energy  transfer  between  the  coupled  a3E+-63n  states  [1], 
This  forms  a  triplet  state  reservoir  which  is,  at  best, 
weakly  coupled  to  the  ground  electronic,  state  (non- 
radiative).  3)  There  have,  as  yet,  been  no  accurate  mea¬ 
sures  of  the  yield  of  excited  triplet  states;  however,  for 
the  Si-N20  reaction  [1],  a  lower  bound  of  500  has  been 
determined  for  the  ratio  (excited  triplet/excited  singlet). 
4)  Spin  selection  rules  appear  to  break  down  for  the  Ge- 
03  reaction  which  is  dominated  by  GeO  a}L*  and  63II 
emission  features  [6],  [13],  These  system  parameters  and 
the  observed  substantial  triplet  fluorescence  for  the  reac¬ 
tions  considered  indicate  the  possibility  of  producing  cop¬ 
ious  quantities  of  metastable  triplet  states  which  can  be 
used  in  formulating  a  system  analogous  to  the  02  ( 'A?)- 
iodine  transfer  laser  [6]-[12]. 

Given  that  we  produce  the  high  concentration  of  metal 
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acorns  and  metastable  metal  oxides  required  f0,  a  suffi 

.heupKr'^  "Z"  PUn,pi;8  of  ,he  Gro“P  l«A  metak, 
ne  upper  Ph,  component  of  the  Group  III  A  metal  ground 

a  threele  WO“'d  “"“P"**  “>  *= 

a  hree-  evel  laser  sequence.  We  require  that  this  level 

“  ::vt  foTr;r 

for  initial  expends  b^Tt  55?^^ 
Thalhutn  ,s  also  an  ideal  candidare  because  h  will 

«srsr.?ss  Tnd  gIo^oS8  ,he  t, 

lined  processes  for  r  =  ti  ^  ‘  c  aoove  out- 

formed  in  the  Te  n  P' ' 2  *  and  Ge°  metastables 

orescent”  a*  ?  reaCt'°n  ,S  SUch  that  a  “superfu- 
orescent  laser  spike  some  ten  times  the  normal  ^I/r 

Pj/2  fluorescent  intensity  would  appear  to  be  trener^ 
on  a  time  scale  less  than  5-8  ns  in 

in  tire'mT'  a  tf"  less  Pronounced.  effect  is  observed 
the  more  compiex  gallium-based  experiments  where 

and^6  init‘u!  P°Pu,at‘on  of  the  Ga  2P}/1  level 

and  the  possible  reaction  of  both  the  2/>,  „  and  2P  '  1 

Otbit  componems  complicate  the  syste^  TOrefcrelfoe’ 

wing  discussion  will  focus  primarily  on  the  Ge-Tl- 

O3  system  which  has  now  also  been  operated  in  a  full 
oscillator  configuration. 

We  emphasize  that  there  are  eight  possible  sequence 
combinations  of  the  reactants  Ge,  Tl  Ga  NO  and  n 
which  ,nvolve  metastabIe  metaI  0Je  ^  and  2 

iamim  h'85'  ,nu,sfer  PumP'n8  of  thallium  and 

tho  e  wnfr-'i!2  't'"1  T*~  °flh'“  combinations,  only 
nd  hrCmuL  ml'  ^  ",ima,e  °f  germanium 

•he  reZs^  “Zr 

s^issr  pop“la,ion  ~L  ~ 


Experimental 

S^assssssz 

The  Group  IV  metal  to  be  oxidized  was  hHH  „  ,  1 
pomsity  carbon  cntcible  (Micre-Mech  TO  tored 
by  a  tungsten  Imslret  hearer  tFig.  3(a),  R.  DMafoiJZ 


groducea  metal  vaitor  pressure  in  the  tange  IIT'-l  tore 

^  res~Zve°vMTO  ra,“7S  ”  "CMS  of  l80C 
u,  resPect,ve*y-  The  metal  vapor  effusing  from 

'an  en?m  drai™  °"'  °f  tbVoven  regfon  bT 

an  entraining  argon  flow.  A  basic  multiple  collision  en 

trainment-flow  configuration  provided  Si  and  Ge  fluxes 

SiOand  rS5  °f  10  :  atoms/c-:  •  »  used  to  foim  the 
V  ?  °  metastables  >n  the  reaction-energy  transfer 

^  t^feeJPCrinf ’tS  ^  Which  the  manif«Lions  of 
In  or tu?  1thC  Si°  °r  Ge°  "^stables  to  Ga 

was^ ^jJughtToaT^5^^’  thC  Si,ic°n  or  Sennanium 
f  g  ■  °/  temperature  for  operation  over  a  time 

ranging  from  1  to  3  h.  For  those  premixed  Ge-Tl 
based  expenments  in  which  characteristics  suggesting 
laser  amplification  were  studied,  the  germanium  waf 

ZZ  a  tt”P'ra“re  slightly  above  melting,  and  foen 
ramped  up  so  as  to  expend  between  7-10  g  of  the  metal 

°«Zr  a  "7  frame  0f  ,0-20  mi"'  This  coreestZds  re 

•  ffTToT,  rJ'  in  CXCeSS  °f  6  X  10'9  atonTs /cm2 
croc  hie  tf8  eXpended  ,n  1  h>  at  the  orifice  of  the  source 
crocible  If  we  estimate  that  under  normal  effusive  con¬ 
ditions,  the  flux  will  decrease  by  a  factor  of  10  «  tore 

The  indicated  Ge  concentrations  correspond  to  strin¬ 
gent  lower  bounds  for  the  argon,  and  to  a  tasser  extent 

the  gema"1  fl°WS  3  concemratin8  as  they  sheath 

bl  metafoxide  aid  Z^Z""8  “  form  ,he  "*»«•- 
me  meta  oxide  and  the  product  metal  oxide  itself  If  th * 

metastable  metal  oxides  used  in  this  study  are  produced 

under  single-collision  conditions  where  .Son  If  1 

Ph°'°“  occur5  before  subsequent  collisions,  the  resulting 

chemiluminescence  is  highly  diffuse,  ailing  a  substantia8 

portion  of  the  reaction  chamber.  This  behavior  results  pn 

meta  y  T  thC  ‘0ng  radiative  lifetime  of  the  metastable 
oxide  excited  states  in  combination  with  a  cos  d 
dominated  flow  distribution.  In  contrast,  the  multiple  col 

interK®  nergy  t|railsfer  ^figuration  is  characterized  by  an 
intense  conical  flame  which  is  focused  to  a  pinnacle  In  a 

region  in  close  proximity  to  its  intersection  [Fig  3(b)l 
W.U.  an  entrained  lhallium  atom  Bow.  The  footing  effec 

MdGrfT”  “S  “  grca"y  cthance  the  Ge  arem 
and  GeO  metastable  concentrations. 

An  entrained  silicon  flux  under  multiple  collision  con- 
ditions  will  react  with  N02  and  N20  to  produce  the  a3L' 

bI-«  the  rCHS  ^  S,°  (Fig’  4)’  3nd  With  °3  to  produce 

foe  dft  ri”  em“teS  Md  "*  Si°  A'n  saK  1‘1  wbere 
mfneJ™  1  1°"  dominates  foe  chemilu- 

minescent  reactive  branching.  The  Si  +  03  reaction  aD- 

srare"^  dOCS  "0t  produce  a  useftll  metastable  SiO  excited 
state  concentration  as  spin  conservation  appears  to  plav 
an  important  role  in  all  three  Si  reactions  [II  [13]  [T51 
16],  An  entrained  Ge  flux  will  react  with  N.O  under  mul 
GeO  S10,l  C°nditions  t0  Ptoduce  the  a3^  state  of 

by  fhe “r^and %  pr0dUC* latrong  dominated 

y  tne  a  **  and  b  II  states  of  GeO  (Fie  «nin  „ 

vittion  playing  a  smaller  role  in  this  reaction  |?8|  If  SIO 

.S  produced  from  the  Si-O,  reacion,  foe 
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F  f  3.  /  °(.Ven  co"fi8“ra|lons  and  orientations  for  1)  the  vaporization  of  thallium  subsequently  entrained  in  argon  in  a  hori- 
zontal  gas  flow,  and  2)  s.I.con  or  germanium  (M)  beams  or  flows  entrained  in  argon  and  subsequently  oxidized  with  O,  N.O 
or  NO,  (only  Si)  to  yield  the  metasuble  a3l *  and  b'U  and  sutes  of  SiO  and  GeO  (and  the  much  shorter  lived  A'Tl  state)  The 
directions  of  the  argon  flows  are  indicated  in  the  figure,  as  is  the  oxidant  ring  inlet.  The  semi-circle  indicates  the  reaction- 
energy  transfer  zone  observed  by  eye  and  corresponding  to  thallium  blue-green  fluorescence  See  text  for  discussion  (b) 
Overview  of  oven  systems  and  photon  path  to  the  spectrometer/PMT  detection  system  for  energy  transfer  and  single-pass 
amplification  studies_  The  1  x  0.25  cm  reaction  zone  was  estimated  by  visual  observation  of  the  TI  fluorescence  The  circle 
indicates  the  Ge  or  Si  oven  system  and  the  oxidant  ring  inlet,  (c)  Side  view  of  full  cavity  configuration  including  HeNe 
alignment  laser,  00%  high  reflecting  concave  (cavity)  mirror,  and  3%  output  coupler.  See  text  for  discussion,  (d)  Schematic 
overview  of  full  laser  cavity  configuration  showing  aligning  HeNe  laser  and  positions  of  photodiode  and  spectrometer-PMT 
combination  detectors.  See  text  for  discussion. 
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sequence  (1,  2)  is  barely  detected,  and  little  T1  :51/: 
atomic  emission  is  observed  as  a  result  of  the  chemical 
pumping  of  ground  state  X2Pl/2  atoms.  This  result  indi¬ 
cates  the  importance  of  metastable  metal  oxide  triplet  state 
production  to  ensure  a  successful  pumping  sequence  and 
the  potential  for  excitation  of  a  visible  laser  transition. 
Because  the  SiO  and  GeO  A 'll  radiative  lifetimes  are  ex¬ 
tremely  short  [13],  [14],  the  necessary  time  frame  for  en¬ 
ergy  storage  is  lost. 

The  various  oxidants  were  introduced  into  the  reaction 
zone  via  a  concentric  ring  injector  system  [Fig.  3(a)],  Two 
methods  were  employed  in  mixing  the  reactants.  For  those 
experiments  in  which  the  effect  of  thallium  on  the  SiO  or 
GeO  triplet  state  fluorescence  was  studied,  the  Group  IIIA 
metal  was  introduced  into  a  clearly  visible  conical  metal 
oxide  flame.  However,  in  those  experiments  in  which  the 
short-time  temporal  behavior  of  the  thallium  2S)  /:-2P,/, 
emission  feature  was  monitored,  argon  entrained  T1  and 
Ge  atoms  were  first  intimately  mixed,  the  reactive  and 
energy  transfer  sequences  being  subsequently  initiated 
through  the  introduction  of  the  appropriate  oxidant. 

Thallium  was  placed  in  an  aluminum  oxide  crucible 
(Coors  Ceramics  Company)  and  heated  to  temperatures 
ranging  to  1150  K  using  the  tantalum  wire  (Rembar) 
wound  resistive  heating  configuration  shown  in  Fig.  3(a). 
The  maximum  operating  temperature  provides  a  vapor 
pressure  in  excess  of  1  torr.  Argon  carrier  gas  was  passed 
into  connecting  alumina  tubes  and  through  the  tightly 
press-fit  high-density  (T6)  carbon  top  cap  of  the  thallium 
crucible,  flowing  over  the  liquified  thallium  and  forming 
a  flow  of  Tl-Ar  directed  perpendicular  to  and  intersecting 
the  reaction  zone.  The  T1  flux  to  this  zone  ranges  from  5 
x  10  /cm-  •  s  to  in  excess  of  8  x  1020/cm2  •  s.  The 
effects  of  a  cooler  entraining  argon  stream  entering  the 
crucible  region  were  reduced  considerably  by  heating  the 
argon  inlet  tube.  The  entire  reaction  zone  configuration  is 


placed  in  a  considerably  larger  vacuum  chamber  whose 
capacity  renders  a  sharp  dropoff  in  reactant  concentration 
away  from  the  reaction  zone.  The  considerably  higher 
temperatures  and  modified  configurations  used  to  main¬ 
tain  comparable  and  requisite  vapor  pressures  for  the  in¬ 
dium  and  gallium  systems  will  be  discussed  in  a  later  pa¬ 
per  [6],  [19], 

In  a  typical  experiment,  the  graphite  crucible  holding 
the  Si  or  Ge  and  the  crucible  holding  the  Group  IIIA  metal 
were  brought  to  temperature  over  a  2  h  period.  The  graph¬ 
ite  cap  and  attached  alumina  tubing  were  heated  in  ad¬ 
vance  of  the  Group  IIIA  metal  in  order  to  prevent  con¬ 
densation  of  the  metal  vapor  on  the  cooler  alumina 
surface.  Typical  operating  pressures  consisted  of  25-100 
mtorr  of  oxidant  and  400-500  mtorr  of  argon,  these  gases 
being  introduced  via  the  concentric  flow  and  ring  injector 
systems  to  react  with  and  entrain  Si  or  Ge.  The  T1  vapor 
was  typically  backed  by  a  25-100  mtorr  pressure  of  argon 
inducing  a  flow  toward  the  reaction  zone.  The  total  cham¬ 
ber  operating  pressure  was  between  450  and  600  mtorr. 

An  overhead  scale  diagram  of  the  oven  systems,  reac¬ 
tion  zone,  and  photon  path  to  the  detection  systems  used 
to  study  energy  transfer  and  the  temporal  behavior  asso¬ 
ciated  with  the  T1  S |  2  emission  events  is  depicted 

in  Fig.  3(b).  The  1  x  0.25  cm  reaction  zone  was  deter¬ 
mined  by  overhead  visual  inspection  of  the  T1  fluores¬ 
cence  from  the  Ge-0,-TI  system.  The  location  of  the  flu¬ 
orescence  zone  is  determined  primarily  by  the  intersection 
of  the  entrained  Ge  and  thallium  flows.  It  varies  espe¬ 
cially  with  respect  to  vertical  height  above  the  metal  oxide 
source,  and  to  a  much  lesser  extent  with  respect  to  posi¬ 
tion  along  the  horizontal.  The  circle  in  Fig.  3(b)  repre¬ 
sents  the  Si  and  Ge  oven  system  and  ring  inlet. 

Spectra  were  taken  with  a  I  m  scanning  monochromator 
(Spex,  model  1704)  and  detected  with  RCA  4840  and  EMI 
9808  photomultiplier  tubes  wired  for  fast  response  and 
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powered  by  a  Fluke  415B  high-voltage  power  supply. 

‘gnauf  we)1^  Passed  to  a  partially  damped  picoammeter 
(Keithley  417B)  and  recorded  on  a  strip  chan  recorder 
(Leeds  and  Northrup).  In  order  to  monitor  the  temporal 
behavior  of  the  system,  the  Spex  1704-PMT-spectrometer 
combination  was  combined  with  a  digital  oscilloscope. 

•  Uh  sPectrometer  set  at  the  wavelengths  correspond¬ 
ing  to  T1  atomic  emission  lines  and  several  MO*  emission 
regions,  the  temporal  behavior  of  the  emission  signals  was 
assessed.  The  photomultiplier  output  was  sent  to  a  Le- 
Croy  9400  125  MHz  digital  oscilloscope  and  recorded  on 
a  Hewlett-Packard  7470A  plotter. 

The  optical  system  depicted  in  Fig.  3(b)  was  modified 
to  a  full-cavity  configuration  as  indicated  in  Fig.  3(c)  and 
(d).  The  temporal  behavior  of  the  full-cavity  configura¬ 
tion  was  monitored  using  both  photomultiplier-  and  fast 
photodiode-based  detection  systems.  This  experiment  will 
be  outlined  more  fully  in  a  following  section. 


Results 

Energy  Transfer  Pumping  of  Tl  Atoms 

Since  thallium  was  deemed  the  most  promising  candi¬ 
date  for  the  energy  transfer  sequence  considered,  initial 
experiments  focused  on  the  creation  of  a  substantial  MO* 
metastable  population  and  the  observation  of  an  MO*-Tl 
energy  transfer.  The  manifestation  of  this  energy  transfer 
was  readily  observed  with  the  thallium  oven  system  op¬ 
erative  at  temperatures  ranging  from  approximately  800 
K,  corresponding  to  a  thallium  vapor  pressure  of  10_:  torr. 
The  UV-visible  spectrum  corresponding  to  the  emitting 
products  in  the  reaction-energy  transfer  zone  was  studied 
both  with  and  without  thallium  introduction  (Figs.  4-6). 
Figs.  5  and  6  depict  a  collage  of  emission  spectra  obtained 
for  the  exemplary  Si-N20-Tl  and  Ge-03-Tl  systems.  For 
both  combinations,  the  observed  emission  resulting  from 
the  excitation  of  thallium  atoms  demonstrates  the  appar¬ 
ent  symbiotic  relationship  between  the  depletion  of  the 
metastable  MO*  a3L+  and  63n  emissions  and  the  subse¬ 
quent  enhancement  of  the  Tl  72S-62P  and  62D-62P  emis¬ 
sion  features.  Systematic  elimination  of  the  reactants  in¬ 
volved  in  the  metal  oxidations,  whose  optical  signatures 
are  considered  in  Figs.  5  and  6,  demonstrated  that  the  for¬ 
mation  of  MO*  metastable  species  was  required  to  ob¬ 
serve  the  atomic  fluorescence  from  Oiallium.  The  most  im¬ 
portant  facet  of  the  data  presentedkt  Figs.  5  and  6  is  that 
it  would  appear  to  demonstrate  an  extremely  efficient 
transfer  from  the  MO*  products  of  the  silicon  and  ger¬ 
manium  oxidations  to  thallium  atoms.  That  is,  the  ob¬ 
served  fluorescence  from  the  SiO  and  GeO  metastable 
states  virtually  disappears  as  the  thallium  concentration  in 
the  reaction-energy  transfer  zone  increases,  and  thus  cou¬ 
ples  away  the  energy  made  available  by  the  metastab!ev 
storage  states.  An  indication  of  this  efficiency  is  also  ap¬ 
parent  upon  visual  inspection  of  the  reaction-energy  trans¬ 
fer  zone.  Both  the  violet  GeO  and  SiO  flames  were  ob¬ 
served  to  turn  bright  green  as  Tl  vapor  was  introduced. 


io  ,  panson  of  ,“a'l*um-SiO  energy  transfer  spectra.  Metastable 
SiO  molecules  were  created  in  the  reaction  Si  +  N,0  -  SiO*  +  N  (a) 
Spectmm  recorded  with  low  Tl  flux,  showing  subst'antial  intensity  in  the 
S  O  a  -X  E  transition  features  (b)  Spectrum  recorded  wiih  high 
Tl  flux  (  -  I  torr  Tl  vapor  pressure).  Note  the  dominance  of  the  Tl  atomic 
emission  peaks  and  the  virtual  absence  of  SiO*  features.  Spectral  reso¬ 
lution  is  8  A . 


ig.  6.  Comparison  of  thallium-GeO  transfer  spectra.  Metastable  GeO 
molecules  were  created  in  the  reaction  Ge  +  03  -*  GeO*  +  O  (a) 

v  flux- showing  substamiai  --<.v 

wJhtP?’  f  V  1  ,r3ns"10"  f««ures.  (b)  Spectrum  recorded  with 
high  Tl  flux  ( -  1  torr  vapor  pressure).  Note  the  dominance  of  the  Tl 

atomic  emission  peaks  and  the  intensity  reduction  in  the  GeO*  features 
Spectral  resolution  is  12  A.  icaiures. 


Trends  in  Energy  Transfer 

It  is  unlikely  that  observed  behavior  in  the  thallium- 
based  systems  can  be  attributed  to  strong  quenching  of  the 
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SiO  or  GeO  fluorescence  via  either  collision-induced  in¬ 
tersystem  crossing  to  high-vibrational  levels  of  the  ground 
electronic  state  or  to  the  reaction  of  the  oxidant  with  the 
Group  IIIA  metal  atom.  Previous  studies  of  the  silicon  [1] 
and  germanium  [16]  oxidation  systems  indicate  minimal 
coupling  of  the  triplet  manifold  with  the  ground  electronic 
X  l  state.  This  inhibits  a  ready  collision-induced  trans- 
er  to  ground  state  levels,  at  least  in  the  pressure  range 
over  which  these  data  were  obtained. 

Further  trends  observed  in  our  studies  of  the  manifold 
of  Group  IIIA  metal  atom  systems  would  also  seem  to 
eliminate  both  reactive  and  collisional  quenching  as  a 
means  of  explaining  the  significant  decrease  in  triplet  state 
emission  and  the  attendant  increase  in  the  intensity  of 
tha  hum  emission  [6],  [19],  For  these  atoms  of  similar 
molecular  electronic  structure,  there  are  considerable  dif¬ 
ferences  in  both  the  completeness  of  energy  transfer  and 
the  ease  with  which  it  is  accomplished.  In  the  thallium 
system,  the  thallium  oxide  bond  is  known  to  be  extremely 
weak,  and  ground  state  2Pl/2  thallium  atoms  may  be  con¬ 
sidered  unreactive.  By  comparison,  however,  In  reacts 
with  03  in  an  exothermic  process  to  form  InO  ( D<>  =  76 
±  10  kcal/mole  [21]),  depleting  available  03  and  in¬ 
dium,  which  can  conceivabley  result  in  a  diminished  GeO 
emission  intensity.  Yet  when  a  vapor  pressure  of  indium 
m  excess  of  1  torr  is  introduced  into  a  GeO  flame,  only  a 
weak  indium  fluorescence  is  observed,  while  the  GeO 
triplet  features  remain  strong  and  virtually  undiminished. 
The  behavior  of  the  gallium  system  is  also  inconsistent 
with  collisional  quenching  [6],  [19], 

One  trend  appears  to  correlate  with  the  behavior  of  the 
Ga,  In,  and  T1  systems.  In  order  to  assess  the  likelihood 
of  a  successful  energy  transfer  from  the  metastable  states 
of  SiO  and  GeO  to  the  Group  IIIA  metal  atoms,  we  con- 
si  ered  the  energy  match  between  appropriate  transitions 
involving  states  of  the  molecule  and  atom.  We  suggest 
that  a  near-resonant  condition  is  requisite  in  order  to  ob¬ 
tain  the  most  efficient  energy  transfer.  In  Tables  I  and  II 
we  consider  several  of  the  GeO  and  SiO  and 

b  n-Y  IT  transition  energies  and  their  near  resonance 
with  the  Group  IIIA  metal  atomic  energy  level  separations 
associated  with  the  laser  pump  transitions  of  interest  We 
note  that  the  energy  resonances  of  the  metal  oxide  tran¬ 
sitions  from  v'  =  0  form  a  pattern  in  the  a-X  bands  of 
both  GeO  and  SiO.  For  these  transitions,  we  find  that  the 
thallium  system  exhibits  the  most  favorable  resonances 
followed  closely  by  the  gallium  system.  The  nearest  res¬ 
onances  in  the  indium  system  are  separated  by  more  than 
275  cm  .  Also,  if  we  consider  the  number  of  SiO  and 
GeO  transitions  which  lie  in  the  neighborhood  of  the  en¬ 
ergy  necessary  to  pump  the  thallium  atom,  this  system  has 
the  greatest  number  of  available  energy  transfer  paths. 
Thus,  we  expect  the  thallium  atom  to  participate  in  near¬ 
resonant  energy  transfer  more  efficiently  than  does  gal¬ 
lium,  both  systems  being  far  more  efficient  than  indium. 

In  view  of  the  trends  observed,  near-resonant  energy 

transfer  would  appear  to  play  an  important  role  in  these 
systems. 


TABLE  I 

Near  res°nances  of  SiO*  (a’E\  byXl-X"L  +  )  and  Group  IIIA  %/r 
X  P,n  Atomic  Transitions  in  Energy  Transfer  Laser  Pumping 
Process 


•V 

Atom 

Upper 

Atomic 

Level 

SiO  iv',  v") 

a-X 

b-X 

Trans. 

AE{  cm-')* 

Trans. 

AE  (cm'1)* 

Ga 

2S./j 

(0.  7) 

'  -267.4 

In 

2S,/Z 

(0.  8) 

,  463.9 

Tl 

2s,/2 

(0,  6) 

*  261.5 

(6,  11) 

-273.5 

A  , 

(7.  12) 

-87.5 

t 

r  “  '  * 

(8,  13) 

97.5 

* 

(11.  15) 

-361.5 

‘Atomic  level  energy -molecular  level  energy. 


TABLE  II 

near  Resonances  of  GeO*  (<j3E‘,  *3n-X'E‘)  and  Group  IIIA 
X  Pl/2  Atomic  Transitions  in  Energy  Transfer  Laser  Pumping  " 
Process 


Upper 

Atomic 

GeO  ( v 

'.  v") 

a-X 

b-X 

Atom 

Level 

Trans. 

AE  ( cm  " 1  )* 

Trans. 

AE  (cm'1)* 

Ga 

JS,/2 

(0.  3) 

140.6 

(2.4) 

-166.4 

— 

_ 

In 

2r 

•*1/2 

(0,  3) 

-275.1 

_ 

(1.4) 

46.9 

— 

_ 

TI 

2S,/: 

(0,  1) 

-101.5 

(2,  7) 

-310.5 

(1.  2) 

243.5 

(4.  9) 

122.5 

(2.  2) 

-382.5 

(4.  4) 

307.5 

Atomic  level  energy-molecular  level  energy. 

Self-Absorption  in  the  Tl  System 

The  data  in  Figs.  5  and  6  also  demonstrate  that  at  the 
highest  concentrations  of  thallium  atoms  used  in  these  ex¬ 
periments,  self-absorption  by  ground  state  6 2/>, /2  (X2P,/-,) 
thallium  atoms  must  be  considered.  The  relative  intensi¬ 
ties  of  the  S,/ 2-  Pi/2  and  2Sl/2-2Pl/ 2  fluorescence  fea¬ 
tures  are  approximately  in  the  ratio  8 : 1  at  the  highest  self- 
absorbed  thallium  concentrations  (Figs.  5  and  6);  how¬ 
ever,  studies  of  these  relative  intensities  as  a  function  of 
the  thallium  source  temperature  demonstrate  that  this  ratio 
at  lower  thallium  concentration  appears  to  be  in  virtual 
agreement  with  the  oscillator  strength  ratio  A«„//4,77  7  = 
1.16  ±  0.05  [23].  This  behavior  is  demonstrated  in  Fig. 
5  where  the  representative  spectrum  at  lower  thallium  flux 
is  obtained  at  a  thallium  vapor  pressure  corresponding 
closely  to  10  torr  [22]  and  the  upper,  clearly  Pi/2  self- 
absorbed,  spectrum  is  obtained  near  the  upper  operating 
temperature  of  the  thallium  oven  system  corresponding 
approximately  to  a  1  torr  [22]  vapor  pressure.  Based  upon 
vapor  pressure,  entrainment-flow  considerations,  and  the 
timed  rate  of  depletion  of  T1  atoms,  we  estimate  that  the 
concentration  of  T1  atoms  in  the  small  reaction-energy 
transfer  zone  varies  from  -  10l4/cm3  to  an  upper  bound 
of  ~  10  / cm  for  the  two  spectra  depicted  in  Fig.  5. 
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One  might  expect  to  observe  the  effects  of  self-absorp¬ 
tion  even  at  the  lower  thallium  concentrations;  however, 
it  must  be  noted  that  the  concentration  gradient  drops  off 
sharply  from  the  mixing  and  reaction  zone,  limiting  the 
effect  or  at  least  our  ability  to  monitor  its  manifestation. 
Thus,  the  corrected  intensity  of  the  :S,  Z-2P}  2  and  2S, 
p i  :  emission  features  agrees  closely  with  the  oscillator 
strength  ratio.  This  experimentally  measured  ratio  of  in¬ 
tensities  is  significant  for  it  also  demonstrates  that  under 
the  excitation  conditions  of  the  present  experiments,  self- 
absorption  by  the  eventually  formed  metastable  P}  >2  level, 
which  is  populated  in  largest  part  through  the  oxidation- 
energy  transfer  pump  sequence,  plays  a  minor  role  unless 
the  cross  section  for  Pz/2  self-absorption  vastly  exceeds 
that  for  P\/2.  The  similar  :S,/2-2P3/2  and  2Sl/2-2/>,/2  os¬ 
cillator  strengths  and  the  direct  proportionality  of  these 
oscillator  strengths  to  the  cross  section  for  self-absorption 
preclude  this  possib:  •, 

At  the  highest  T;  3.  <2  concentrations,  the  pumping 
scheme  outlined  pre  jsly  and  considered  in  more  detail 
shortly  will  produce  „  maximum  of  1  x  1012  2/>3/,  T1 
atoms /cm3  in  the  reaction  zone  over  the  period  when 
those  effects  which  would  appear  to  be  characteristic  of 
lasing  action  are  observed.  This  concentration  is  some  two 
orders  of  magnitude  less  than  that  producing  no  detectable 
self-absorption  due  to  T1  2PX/Z.  It  thus  implies  that  P3/2 
self-absorption  will  probably  not  be  detected  in  the  pres¬ 
ent  configuration. 

Chemical  Pumping  of  77  2D5/2  3 /2 

The  Dy,2  3/2-62P3/2  thallium  emission  features  have 
also  been  observed  at  the  highest  thallium  beam  concen¬ 
trations,  although  it  is  apparent  (Fig.  5)  that  the  rate  of 
formation  of  T1  5,  /2  vastly  exceeds  that  for  the  excitation 
T>5/2  3/2.  Both  the  Si-N20  and  Ge-03  reactions  are 
sufficiently  exothermic  to  pump  the  2D  manifold  through 
excitation  of  ~P\/2  T1  atoms;  however,  the  2D-2Px/2  en¬ 
ergy  increment  is  not  in  near  resonance  with  the  SiO  or 
GeO  level  structure.  We  suggest  that  the  observed  fea¬ 
tures  might  also  result  from  the  chemical  pumping  of  ef¬ 
ficiently  produced  6~P3/2  atoms  via  the  sequence  of  re¬ 
actions  1)  and  2)  followed  by  the  fast  near-resonant 
transfer 

MO*  +  T1  (2/>3/2)  -  MO'  +  T1(2Dj/2  3/2).  (4) 

Because  the  ratio  of  Px/2  to  Pi/2  T1  atoms  in  the  reac¬ 
tion-energy  transfer  zone  is  ~  104/1,  it  is  not  possible  to 
readily  assess  the  relative  importance  of  near-resonant  en¬ 
ergy  transfer  in  pumping  the  2D  manifold. 

Evidence  Suggesting  Short-Lived  Amplification  and 
Superfluorescence  Associated  with  the  (Ge-Tl)-02 
System 

In  order  to  obtain  lasing  action  and  amplification  based 
on  the  7  S|/2-6  P 3/2  T1  atom  transition,  one  must  suc¬ 
cessfully  create  a  population  inversion  between  the  2S|  /2 
and  P3/2  levels.  This  requires  that  the  system  be  rapidly 


energy  transfer  pumped  on  a  time  scale  of  -  10" 8  s  com¬ 
mensurate  with  the  725i/2  radiative  lifetime  [23].  The 
thaHium  6 2P3/2  level  is  metastable,  as  the  62P3  Z-6:PX 
{X  Pj/2-X  Px/2 )  radiative  lifetime  is  between  0. 1  and  1  s 
[24],  Thus,  ‘P 3/2  atoms  must  be  removed  from  the  mixing 
and  reaction  zone  primarily  through  diffusion  or  colli- 
sional  deactivation  (see  the  following)  or  lasing  action  will 
cease.  A  laser  operating  on  the  7 2SX  ,2-62P3  2  transition 
will  be  self-terminating.  In  analogy  to  the  nitrogen  laser, 
the  observation  of  amplified  spontaneous  emission  or  su¬ 
perfluorescence  in  the  form  of  an  enhanced  photon  emis¬ 
sion  proceeding  a  fluorescence  component  and  at  a  much 
greater  intensity  can  indicate  the  probability  that  a  popu¬ 
lation  inversion  has  been  created. 

In  order  to  assess  the  possible  observation  of  a  short¬ 
lived  stimulated  emission  process  associated  with  the  T1 
•S|/2~  P j/2  transition,  we  monitored  the  temporal  behav¬ 
ior  of  the  Ge-03-Tl  system;  with  the  Spex  1704  spec¬ 
trometer  set  at  535  nm  (1  nm  resolution)  to  overlap  the 
T1  S,/2-  P3/2  emission  feature,  the  photomultiplier  out¬ 
put  signal  was  sent  to  a  LeCroy  9400  125  MHz  [25]  dig¬ 
ital  oscilloscope.  The  onset  of  metal  oxide  formation  and 
subsequent  energy  transfer  in  previously  mixing  Ge-Tl 
flows  was  controlled  with  the  03  introduction  into  the  re- 
action-energy  transfer  zone  through  a  triggered  pulsed 
valve  or  a  manual  needle  valve.  With  the  Ge  and  T1  flows 
into  the  reaction  zone  established  (T1  -  1016  atoms/cm3, 
Ge  ss  1014  atoms /cm3),  the  03  was  introduced  into  the 
reaction-energy  transfer  zone,  initiating  MO*  formation 
and  energy  transfer  to  T1  atoms.  This  process  was  accom¬ 
panied  by  the  emission  of  535  nm  photons  in  a  process 
which  appears  to  display  the  manifestation  of  both  stim¬ 
ulated  emission  and  normal  fluorescent  events. 

In  order  to  assess  the  probability  of  what  appears  to  be 
a  superfluorescent  event,  the  digital  oscilloscope  was  trig¬ 
gered  by  the  emission  rate  associated  with  the  reaction 
energy  transfer  process  at  a  response  level  set  consider¬ 
ably  higher  than  the  system  fluorescence  level  or  the  pho¬ 
totube  dark  current.  Using  the  optical  configuration  de¬ 
picted  in  Fig.  3(b),  the  observed  fluorescence  signal 
associated  with  the  thallium  535  nm  line  generated  from 
both  a  (Ge-Tl )-03  [Fig.  7(a)]  and  Ge+03->GeO*+Tl 
interaction  sequence  was  measured  at  approximately  50 
mV .  In  contrast,  the  much  more  intense  and  short-lived 
emission  signal  depicted  in  Fig.  7(b)  appears  to  demon¬ 
strate  a  stimulated  emission  process  (superfluorescence) 
measured  at  approximately  500  mV  with  an  FWHM  not 
exceeding  5-8  ns.  It  must  be  emphasized  that  the  trigger 
indicated  in  Fig.  7(b)  does  not  correspond  to  the  intro¬ 
duction  of  03  into  the  system,  but  rather  to  the  flag  of  an 
amplified  emission  level  detected  by  the  phototube.  The 
system  is  monitored  after  reaction  and  energy  transfer 
have  been  initiated  and  the  photon  emission  correspond¬ 
ing  to  the  2SX  /2~2P 3/2  transition  builds  to  a  preset  trigger¬ 
ing  level  well  in  excess  of  that  for  fluorescence  and  pho¬ 
totube  dark  current. 

After  the  observation  of  a  stimulated  emission  spike, 
when  the  population  inversion  has  been  depleted,  the  sig- 
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(c) 

Fig.  7.  (a)  TI  7*5, /2-6'Ps/2  (535. 1  nm )  fluorescence  pumped  through  en- 
ergy  transfer  from  GeO*  (nT*.  *3n>  formed  in  the  Ge-O,  reaction.  As 
the  O,  source  valve  opens,  the  TI  fluorescence  signal  reaches  its  maxi¬ 
mum  with  the  03  valve  closed,  the  TI  fluorescence  slowly  diminishes. 
Superfluorescence  is  not  detected  because  of  the  temporal  resolution  of 
the  oscilloscope  associated  with  this  long  time  scale,  (b)  TI  7J5,  -,-6:P}„ 
(535.1  nm)  superfluorescence  observed  at  a  signal  trigger  level  of  0.2 
v.  The  trigger  of  the  superfiuorescence  is  by  signal  level,  and  not  by 
reactant  mixing,  which  occurs  on  a  much  longer  time  scale.  The  mea- 
sured  FWHM  is  -5  ns  compared  to  r  -7.5  ns.  the  radiative  lifetime  of 
the  7  5,  .i  level.  A  return  to  the  fluorescence  level  is  seen  subsequent  to 
thesuperfluorescem  pulse,  (c)  TI  72S,,2-6:Ps/2  (535. 1  nm )  fluorescence 
+  superfiuorescence  in  a  system  suffering  an  interruption  of  the  reaction- 
energy  transfer  process.  In  the  region  B  we  observe  a  thallium  superflu¬ 
orescence  signal  following  an  -  10  Ms  absence  of  the  thallium  fluores¬ 
cence.  In  the  region  C.  we  return  to  the  TI  fluorescence  signal  level 
foUowing  the  self-termination  of  the  superfiuorescence  due  to  population 
of  tne  TI  6  Pj/2  level. 


nal  returns  to  the  normal  fluorescent  level.  When  the  Spex 
monochromator  was  set  so  as  to  monitor  the  TI  fluores- 
cence  features  at  377.7  nm  (TI  72Sl/2-62Pl/2)  and  352.5 
nm  (TI  D  6  P3/2)  or  an  MO*  emission  feature,  no  signal 
spike  [Fig.  7(b)]  was  observed.  Further,  the  temporal  be¬ 
havior  monitored  in  Fig.  7(b)  is  characteristic  only  of  the 
oxidation  of  premixed  metalloid-metal  mixtures.  In  all 
cases  studied,  when  the  metastable  metal  oxide  is  first 
formed  and  subsequently  interacts  with  a  Group  IIIA 
metal,  the  ‘5,  /2  emission  signal  intensity  is  at  a  level  com¬ 
mensurate  with  fluorescence.  These  results  would  seem 
to  indicate  that  the  intensity  spike  recorded  in  Fig.  7(b)  is 
attributable  to  a  short-lived  stimulated  emission  process 
which  we  tentatively  associate  with  superfiuorescence  (see 
also  the  following) . 


A  further  intriguing  aspect  of  the  GeO*-Tl  system  is 
depicted  in  Fig.  7(c)  [26],  The  unpredicted  observation  of 
^stimulated  emission  while  monitoring  the  535  nm,  725, 

6  ^3/2.  TI  fluorescence  resulted  from  experimental  insta¬ 
bilities  which  momentarily  reduced  the  supply  of  germa¬ 
nium  or  ozone  required  to  produce  TI*  2S(/,  and  halted 
the  TI  fluorescence  for  t  *  10  Ms.  When  reactant  insta¬ 
bilities  halt  the  thallium  fluorescence  for  r  *  10  /xs,  the 
pumping  process  begins* the  subsequent  recycling  of  the 
system;  the  intensity,  spikes  associated  with  stimulated 
emission  are  also  observed  to  recycle  with  this  process. 
We  suggest  that  if  the'  energy  transfer  event  is  interrupted 
long  enough  so  as  to  produce  a  complete  loss  of  the  flu¬ 
orescence  signal  for  t  *  10  jxs,  the  6 zP3l2  state  of  thal¬ 
lium  is  depleted  from  the  reaction-energy  transfer-ampli¬ 
fication  zone  to  the  extent  that,  when  the  energy  transfer 
sequence  resumes,  the  population  inversion  between  the 
7  S |/2  and  62P3/2  levels  is  reestablished.  An  absence  of 
the  fluorescence  for  t  *  10  /is  can  result  from  the  mo¬ 
mentary  loss  of  any  of  the  reactants  from  the  reaction 
zone. 

The  6 2P3/2  level  population  may  be  depleted  through 
two  primary  mechanisms;  1)  diffusion  out  of  the  reaction- 
energy  transfer  zone  and  away  from  the  photon  path  to 
the  detector  employed  in  the  experiment,  and  2)  relaxa¬ 
tion  to  the  6  P ,/2  level.  If  we  assume  that  our  thallium 
source  corresponds  to  an  effusive  oven  heated  to  1 100  K 
and  that  the  thallium  mixing  with  the  argon  entrainment 
gas  forming  a  directed  flow  undergoes  cooling  collisions, 
the  thallium  atoms  have  a  velocity  of  between  4  and  7  x 
104  cm  •  s  '.  This  will  allow  the  directed  thallium  atoms 
to  travel  across  our  -0.25  cm  fluorescence  reaction  di¬ 
ameter  in ^4-8  fj.s  [Fig.  3(b)],  Collisional  relaxation  of 
thallium  6  P3/2  atoms  involving  either  ground  state  GeO 
or  Ar  atoms  may  also  be  possible  since  each  thallium  atom 
undergoes  between  1  and  25  collisions  in  10  ns  (depen¬ 
dent  on  the  size  of  the  collisional  diameter  assumed  for 
the  thallium  atom)  [27],  Finally,  we  must  note  a  third  pos- 
sibijity.  Because  of  the  large  2P3/2  excitation  energy,  the 
TI  P3/ 2— 03  reaction  is  virtually  thermoneutral.  There¬ 
fore,  the  reactive  removal  of  2P3/2  TI  atoms  from  the  am¬ 
plification  zone  also  represents  a  possible  loss  mecha¬ 
nism.  Any  of  these  factors  can  contribute  to  the  loss  of 
the  TI  6  P3/2  population  and  to  the  recycling  of  superflu¬ 
orescence  resulting  from  a  momentary  loss  of  the  ger¬ 
manium  or  oxidant  supply  to  the  reaction  zone. 

It  must  be  emphasized  that  the  region  encompassed  by 
the  fluorescence  zone  as  viewed  from  the  top  of  the  ap¬ 
paratus  (Fig.  3(b)  and  the  experimental  section)  repre¬ 
sents  an  upper  bound  to  that  volume  from  which  stimu¬ 
lated  emission  is  observed.  In  fact,  the  diameter  of  the 
stimulated  emission  region  may  be  considerably  smaller. 
Further,  the  nature  of  the  experiment  is  such  that  the  zone 
which  displays  amplification  upon  buildup  of  the  neces¬ 
sary  population  inversion  is  not  precisely  spatially  repro¬ 
duced  with  each  ozone  pulse,  but  may  move  vertically 
with  respect  to  the  silicon  or  germanium  source  oven. 
While  this  does  not  greatly  affect  the  observation  of  a 
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stimulated  emission  event,  it  makes  the  observation  of  a 

src""1  powtr  du= ,o  «- 

The  temporal  width  of  the  shon-lived  signals  recorded 

Qsnn& '  .7(.b),and  must  also  be  considered.  The  LeCroy 
9400  digital  oscilloscope  operating  in  single-shot  mode 
operates  at  a  specified  time  resolution  of  10  ns,  although 
it  is  Possible  that  a  5  ns  temporal  event  can  be  adequately 

f25]-  T?e^f°  0,6  temPoral  width  of  the  intern 
s.ty  spikes  recorded  in  Fig.  7(b)  and  (c)  may  well  be  less 
than  5  ns  (see  the  following  discussion).  Further  their 
measured  intensity  might  also  be  taken  as  a  lower  bound 
to  the  peak  intensity,  again  due  to  limitations  of  the  scope 
response  to  short  pulses.  The  effect  of  response  time  may 

raf,  n  Z  “TJ'  intensities  associated 

and\c)C  0  m  d"  md  5  l‘s/dlv  S“"S  [26]  in  Fig.  7(b) 
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Evidence  for  Laser  Oscillation 

r\%  °rderJ°  obtain  lascr  oscillation  associated  with  the 
"  ,  i/2'5  PK3  trans,t,on,  a  full  cavity  configuration  was 
constructed  as  in  Fig.  3(d)  with  two  Brewster  angle  win¬ 
dows  [Mellos  Gnot  BK-7  (n  =  1.519)]  optimized  at  535 
nm  to  minimize  reflectivity  Josses.  The  optical  cavity  con¬ 
sists  of  two  concave  mirrors,  one  “totally  reflective"  mir- 
ror  whose  radius  of  curvature  is  2m,  and  an  output  coupler 
of  3%  transmissivity,  also  with  2m  radius  of  curvature 

in  a  srahle  ^  “  30  Cm’  th“S  ^  tW0  mirrors  ar= 

n  a  stable  resonator  configuration.  Using  this  configura- 
h'H  1  haVJ  successfully  monitored  output  signals  en¬ 
hanced  by  a  factor  of  four-ten  times  the  single -pass  am- 
p  ideation  at  535  nm,  which  suggests  oscillation  in  a 
moderate  Q  cavity  [28J. 

The  reaction-energy  transfer-amplification  region  cor- 

andTonefl  of  **  ?*"nanium,  fhallium, 

and  ozone  flows  and  is  estimated  to  be  -  1  cm  in  length. 

It  may  not  be  surprising  to  find  that  the  amplification  re- 

gion  is  associated  in  some  pan  with  the  "shock  zone” 

inrer?er?eh  reCtCd  m,e.ta,-,ncta,  oxide  and  thallium  flows 
inter  ect,  however,  this  possibility  must  be  modeled  and 

carefully  assessed  in  future  experiments.  The  nature  of 

the  present  experiment  is  such  that  the  reaction-amplifi- 

cation  zone  may  shift  randomly,  primarily  in  the  vertical 

T"’  HUnng  3  PUlSing  se(Iuen^  unless  the  experi- 

amnWfi  C°,  '°nS  are  rePeated  Prefiiely.  This  shift  of  the 
amp  lAcanon  zone  can  create  some  difficulty  in  the  align¬ 
ment  of  the  cavity  configuration.  The  HeNe  laser  depicted 
m  ig-  3(c)  and  (d)  is  used  to  establish  a  reasonable  cavity 
alignment  as  it  specifies  the  region  of  the  short  (relative 
avny  length)  amplification  zone  that  will  be  sampled 

stanfi^i^clme!!^SiiWdl  *  successfijI  provided  that  a  sub¬ 
stantia)  5,/ 2  thallium  concentration  can  be  created  in  the 

more  refined  zone  specified  by  the  HeNe  laser  on  a  time  V 

AliinmCA„TenSUrate  With  ^  2S'/>  radiative  lifetim'- 
gnment  is  more  cntical  than  that  required  for  the  sin- 

f*  P,tSS  confi«uratlon  discussed  in  the  previous  section, 
and  the  present  cavity  may  not  be  optimal  [28] 


The  laser-cavity  system  was  also  probed  temDorallv 

!f!c8  d‘gitaI  oscin°sc°Pe  f25J-  The  cavity 

F  k  3"d  d)]  Was  al,gned-  using  the  HeNe  laser 
wiffi  the  incident  slit  of  a  Spex  1704  monochromator  sei 

3‘5,3;,.  ,nm’  op*™11"?  at  ~  1  nm  resolution  (entrance  and 
exit  slit  dimensions  0.95  mm  width,  10  mm  height)  and 
placed  ~20  cm  behind  the  output  coupling  mirror  The 
ouptut  from  the  RCA  4840  PMT  used  previously  was 
again  sent  to  the  digital  oscilloscope. 

With  the  present  configuration,  it  is  possible  to  make  a 
maximum  of  five  passes  through  the  cavity  and  Tl*  2S 
amplification  zone  within  the  time  frame  of  the  apparent 
stimulated  emission  pulse  associated  with  the  Ti  , 
Pi/2  transition.  If  the  reflected  light  in  the  cavity  passes 
through  the  entire  Ifcngth  of  the  amplification  zone,  the 
cavity  oscillation  should  produce  a  substantial  increase  in 
output  power  relative  to  that  for  the  single-pass  output 
from  the  optical  configuration  of  Fig.  3(c)  sans  cavity 
mirrors.  Several  experiments  have  been  conducted  both 

W,thJ*nd  Zlth°Ut  C8Vity  mirrors  We  find  that  the  signal 
recorded  (Fig.  8)  m  full  cavity  configuration  is  between 
four  and  ten  times  more  intense  than  the  superfluorescent 
laser  pulse  recorded  in  the  absence  of  the  full  laser  cavity 
Funher,  the  superfluorescence-to-fluorescence  ratio  in¬ 
creases  to  well  over  100.  This  is  apparent  in  Fig.  8  where 
the  fluorescence  signal  following  the  superfluorescent 
spike  is  of  negligible  intensity.  These  increases  in  inten¬ 
sity  exceed  by  at  least  a  factor  of  two  the  signal  expected 
for  ideal  reflection  m  the  absence  of  a  gain  medium,  and 
cannot  be  accounted  for  on  the  basis  of  geometric  factors. 

In  a  second  experimental  configuration,  we  replaced  the 

KlTSJn  n  F‘g  .3i?)J  W'th  3  faSt  Photodiodc  (LeCroix 
Model  40D  Optical  Deactivator  -0.5  mnr  detector  area 

nsetime  <  1.0  ns)  placed  20  cm  from  the  laser  cavity 
The  output  from  this  photodiode  was  again  sent  directly 
to  the  digital  oscilloscope.  The  combination  of  the  pho¬ 
tomultiplier  and  photodiode  experiments  indicated  peak 
output  powers  exceeding  several  watts.  This  should  be 
compared  to  the  600-900  W  peak  power  levels  recorded 
by  Isaev  and  Petrash  [3]  using  pulsed  discharges  through 
a  20  cm  path. 

nre  0f  the  reaction_ampIification  zone  dictates 
that  the  full  cavity  output  power  for  the  configuration  de- 
senbed  above  can  fluctuate.  In  fact,  in  those  instances 
where  the  cavity  is  misaligned  resulting  in  minimal  re¬ 
flections  through  the  amplification  zone,  the  output  ex¬ 
tracted  through  the  3%  output  coupler  may  simplv  be  due 
to  single-pass  amplification.  This  will  be  improved 
through  extension  of  the  reactant  interaction  region  and  a 
lengthening  of  the  amplification  zone,  leading  to  greater 
cavity  stabilization.  In  the  experiment  described,  when 
the  laser  cavity  mirrors  are  walked  from  their  aligned  po¬ 
sitions,  the  apparent  manifestation  of  oscillation  can  be 
made  to  cease,  and  a  much  weaker  signal  due  to  single¬ 
pass  amplification  is  detected.  We  submit  that  the  com¬ 
bination  of  results  obtained  in  the  present  study  suggests 
the  temporal  and  directional  characteristics  which  are  to 
be  associated  with  an  oscillating  laser  system 


1584 


”  1 

SuporfluorMcanca 

u 

Fluor. 

i - 

Flfei^ed  with'  fulf'laxer /*'  2  (5'55fil  nm)  suPerfluorescen<  oscillation  ob 
r.;  u  asercav,,y  configuration.  The  ratio  of  the  superfluores- 

action  and  ,  kT'6"-*  f°ll0WS  af"r  s'lf-''"nmatiorTof  lasmg 
discussfon  y  V1S  *he  figUrc  i$  Cl°Se  10  10°-  S«  '«t  for 


Discussion— Future  Considerations 
The  characteristics  which  we  observe  in  the  present 
study  suggest  to  us  that  we  have  accomplished  a  signifi¬ 
cant  energy  transfer  from  metastable  states  of  silicon  and 
gennamum  oxide  to  efficiently  pump  thallium  atoms,  and 
that  we  can  observe  transient  gain  and  oscillation  on  the 
V2-6  Pj/2  transition.  It  is  clear  that  the  efficient 
pumping  of  thallium  atoms  to  the  72S]/2  level  requires  the 
copious  production  of  metastable  silicon  and  germanium 
°*'de, 10  a"  ,nherently  selective  process  versus  that  asso- 

mS  hW!  k  fTati°n  °f  a  *  ‘Maxwell-Boltzmann- 
tke  distribution  of  electrons  used  to  pump  a  discharge 

configuration  [3],  Further,  the  temporal  behavior  which 
appears  to  us  to  signal  a  stimulated  emission  process  is 

than  Itatetl  bJ  ihe  Premix,ng  of  germanium  and 
thallium  flows,  both  of  which  are  at  high  concentration, 

correspondmg  to  entrained  fluxes  in  the  range  of  1020 /cm2 
•  s  129],  In  order  to  obtain  amplification,  we  must  create 
a  population  inversion  between  the  T1  72S,  /,  and  6 2/>,,, 

SL°na  t,mf  sca,e  comparable  to  the  72Sl/2  radiative 
etime.  In  analogy  to  a  discharge-pumped  configuration 
we  may  write 

d(Nr)/dt  -  ^(trans)yVo^o 

+  *,  ( relax  )Nm(nMO  +  +  nj]) 

-  NrAr  -  AT, [*2 (relax) 

‘  («MO  +  +  «ri)]  ~  P.  (5) 

d(Nm)/dt  =  *2  (trans  )iV0/iMO  +  NrAm 

+  ^(relax)  Nr(nMO  -I-  +  nTI) 

~  NmAm  ~  Nm  kA (relax) 

("mo  +  «o3  +  «ti)  +  P  (6) 

where  jV  AfmJ  and  Nr  correspond  to  the  populations  of  the 

Ef  ‘n’  muttfable  Pl/2’  and  25'/2  levels  of  thal¬ 
lium  (Fig.  1)  with  Na  »  Nr,  Nm,  k,  (trans)  and  k2  (trans) 

correspond  to  the  energy  transfer  pumping  rate  constants, 
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(relax)-^  (relax)  correspond  to  rate  constants  for  col- 
lisional  relaxation  (or  excitation)  by  MO  =  GeO(SiO) 
03,  and  Tl,  MO*  signifies  metastable  GeO(SiO),  Ar  =  An 
+  A  and  Am  correspond  to  spontaneous  emission  rates 
for  the  S,/2  and  P3/2  levels  (Fig.  1)  where  Ar  »  A„. 
and  P  is  the  stimulated  emission  power  due  to  the  ‘5, 

'F3 /;!  transition. 

We  envision  the  pumping  process  in  the  bulk  of  the  cur¬ 
rent  experiments  as  involving  the  formation  of  the  meta¬ 
stable  germanium  oxide ;n  the  immediate  vicinity  of  a 
thallium  atom  as  we  oxidize  the  thallium-germanium 
mixture.  This  near-res&nam  pumping  process  can  be  quite 
efficient,  and  a  rate  constant  *,  (trans)  in  excess  of  1  x 
10  cm  /atom  •  s  is  by  no  means  unrealistic  [30]  In 
contrast,  the  collisions!  excitation  of  2P3/,  metastable 
thallium  atoms  to  the  25I/2  level  by  GeO  “near-resonant” 
pumping,  03,  or  Tl  is  much  less  probable  [31]  Colli- 
sional  deactivation  of  the  2SI/2  level  is  less  likely  due  to 
its  short  radiative  lifetime. 

The  first  term  in  (5)  can  dominate  the  radiative  relaxa¬ 
tion  term  NrAr  as  the  magnitude  of  this  product  is  inti¬ 
mately  tied  to  the  Nr  pumping  rate.  It  would  not  be  un¬ 
reasonable  to  expect  the  near-resonant  pumping  process 
to  produce  5,  /2  Tl  at  a  rate  ranging  between  10i9  and  1022 
cm  •  s.  whereas  the  corresponding  radiative  relaxation 
rate  should  range  between  1016  and  1019  cm'3  •  s  [32], 

In  (6),  the  formation  of2Pi/2  thallium  via  radiative  de¬ 
cay  NrArm  of  S i/2  Tl  dominates  radiative  loss  from  the 
metastable  P3/2  level  and  collision^  relaxation  from  the 
short-hved  S,/2  level.  It  may  be  possible  to  pump  ground 
state  thallium  atoms  to  the  metastable  2P}/2  level  in  a  near¬ 
resonant  energy  transfer  from  ground  state  GeO,  but  such 
a  process  may  be  readily  recycled  by  collisional  relaxa- 
tion  of  the  -Pi/2  level.  Further,  both  of  these  processes 
will  likely  occur  on  a  time  scale  much  longer  than  the 
S,/2  radiative  lifetime. 

..  T£  P£ev,ous  dlscussion  emphasizes  the  dominance  of 
the  n  S,  /2  energy  transfer  pumping  and  subsequent  re¬ 
lative  loss  terms  as  they  influence  our  ability  to  build  a 
transient  population  inversion  on  the  Tl  2Sl/2-2P3  „  tran 
sition.  We  suggest  that  the  pumping  rate  which  we  can 
achieve  through  the  oxidation  of  premixed  Ge-Tl  flows 
allows  the  creation  of  a  transient  amplification  process.  In 
order  to  achieve  the  necessary  population  inversion  cor¬ 
responding  to  a  gain  e“'  -  10/pass  through  the  gain  me¬ 
dium  133],  we  require  the  pumping  of  6  X  1011  Tl  2S  / 
atoms  °n  a  time  scale  of  10'*  s,  corresponding  to  a  rate 
of  6  x  10  cm  /s.  This  pumping  rate  is  feasible  for  the 
configuration  we  have  employed  in  this  study. 

The  results  obtained  here  bear  many  analogies  to  the 
discharge  configuration  employed  by  Isaev  and  Petrash 
[SJ.Theseauthors  have  used  a  “Maxwell-Boltzmann- 
like  distribution  of  electrons  to  pump  ground  state  thal¬ 
lium  atoms  at  a  comparable  concentration  to  that  em¬ 
ployed  m  the  present  study.  These  authors  obtain  a  peak 
output  power  of  900  W  from  a  20  cm  path  length  dis- 
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charge  through  thallium  vapor  [34],  By  comparison,  we 
monitor  peak  powers  which  range  from  several  to  tens  of 
watts  in  the  present  configuration.  These  relative  power 
levels  are  quite  reasonable. 

The  Suggestion  of  a  Superfluorescent  Event 

A  consideration  of  our  experimental  configuration  and 
reactant  concentrations  leads  us  to  believe  that  the  appar¬ 
ent  stimulated  emission  which  we  observe  is  best  attrib¬ 
uted  to  superfluorescence  as  opposed  to  amplified  spon¬ 
taneous  emission.  Based  upon  the  geometry  of  the  system 
and  the  visual  observation  of  the  thallium  fluorescence, 
we  assume  a  cylindrical  amplification  zone  of  length  1  cm 
and  diameter  considerably  less  than  1  /4  cm,  with  a  2S,  /2- 

3/2  population  difference,  which  corresponds  to  a  con¬ 
centration  AN  =  2-5  x  10u/cm3  [35],  Our  estimated 
reaction  zone-amplification  length  £  =  1  cm,  based  upon 
the  observation  of  fluorescence,  is  much  shorter  than  the 
cooperation  length  £f  *  20-35  cm,  calculated  from  the 
relation  [36] 
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Finally,  the  temporal  width  of  the  superfluorescence 
output  pulse  can  be  calculated  from  the  relation 

t*  =  <t>  {%*tsp/(AN)\2£) 

to  be  5.3  x  10  9  s.  This  value  should  be  compared  to  the 
measured  FWHM  of  -5  x  10-9  s  [Fig.  7(b)]. 

Further  Considerations— Extrapolation  of  the  Energy 
Transfer  Concept 


-  <t>  (4tc  rsp/(AN)\2) 


1/2 


=  ln  (2x/flo)  =  16  ( 60  =  (AN)-'/2  (2tt)-'/4 
*  6  x  10  ,  a  =  gain  coefficient)  is  a  loga¬ 
rithmic  function  of  0„,  the  initial  tipping  angle  of  the  Bloch 

:iCtZuhe  gai"COCffiaClent  a  =  23  cm“'  is  determined 
on  the  basis  of  G  ~  e  =  10  for  one  pass  through  a  1 

cm  reaction-amplification  path,  rip  is  the  2Sl/2  radiative 
lifetime  -  7.5x10  s,  and  X  =  535. 1  nm  is  the  wave¬ 
length  of  the  transistion. 

An  £c  much  greater  than  £  suggests  that  it  is  reason¬ 
able  to  conclude  that  the  stimulated  emission  corresponds 
to  a  superfluorescent  process  [36],  [37],  Amplified  spon¬ 
taneous  emission  (molecular  nitrogen  laser),  in  contrast, 
requires  that  £  be  much  greater  the  £f  [38],  For  an  ini¬ 
tially  totally  inverted  superfluorescent  system,  <t>  typically 
has  a  value  between  10  and  25,  in  agreement  with  our 
determined  value.  Based  upon  our  apparent  observed  gain 
O  -  10  and  our  estimated  reaction  length  of  1  cm,  we 
determine  a  gain  coefficient  a  =  2.3  cm-1.  This  coeffi¬ 
cient  can  also  be  calculated  from  the  relation 

<*  =  (7’2Ajp)(AA()X2/8t  =  3.3  cm'1 

where  T2  =  1.1  x  10  9  s  is  the  reciprocal  of  the  inhomo¬ 
geneous  Doppler  linewidth,  we  have  taken  AN  =  2  X 
10  ,  and  all  other  quantities  have  been  defined  previ¬ 
ously.  It  is  to  be  noted  that  the  awalue  determined  in  these 
experiments  may  represent  a  lower  bound  because  of  the 
response  time  of  the  digital  oscilloscope  [33].  If  we  at¬ 
tempt  to  correct  for  this  response  time,  the  superfluores- 
cent/fluorescent  ratio  may  be  as  much  as  2.5  times  greater 
than  detected.  This  would  correspond  to  an  a  value  of  3.2 
cm  .  The  agreement  between  the  determined  values  of 
a  is  encouraging. 


The  features  in  Figs.  7  and  8  which  we  attribute  to  a 
stimulated  emission  process  appear  to  have  an  -5  ns 
FWHM.  In  view  of  the  time  resolution  of  the  digital  os¬ 
cilloscope  used  in  this  study,  this  must  be  viewed  as  an 
upper  bound  until  more  definitive  measurements  on  a 
shorter  time  scale  can  be  made  with  a  scope  whose  ter¬ 
minal  resolution  exceeds  1  ns.  Further,  the  roundtrip  pas¬ 
sage  time  in  the  cavity  configuration  which  we  have  de¬ 
scribed  is  also  1  ns.  It  would,  therefore,  not  be  surprising 
to  find  that  our  oscillator  pulse  may,  in  fact,  be  two-three 
unresolved  pulses,  separated  in  time  by  approximately  1 

In  order  to  pump  the  thallium  2Sl/2  level  so  as  to  obtain 
amplification,  we  must  achieve  the  necessary  upper  state 
concentration  on  a  time  scale  comparable  to  the  25,/2- 
P3/2  lasing  transition.  We  believe  that  the  necessary 
pumping  rate  is  attained  in  large  part  by  virtue  of  the  in¬ 
timate  premixing  of  high  Ge-Tl  concentrations,  and  that 
the  effect  is  signaled  by  the  specific  mode  by  which  we 
must  obtain  the  short  enhanced  photon  bursts  depicted  in 
Figs.  7  and  8.  While  we  anticipate  that  the  triggering  of 
the  reactive  process  takes  place  on  a  time  scale  no  less 
than  a  microsecond,  the  substantial  population  of  GeO 
molecules  formed  in  the  energy  transfer  zone  will  not  be 
lost  to  radiative  decay,  and  will  be  in  intimate  contact 
with  a  substantial  concentration  of  nonreactive  ground 
state  thallium  atoms.  We  are  continuing  our  investigation 
of  the  nature  of  the  process  leading  to  the  temporal  be¬ 
havior  depicted  in  Figs.  7  and  8,  currently  redesigning  our 
source  configurations  to  both  lengthen  and  closely  stabi¬ 
lize  the  reaction  zone-amplification  region.  These  modi¬ 
fications  should  considerably  enhance  the  power  output 
that  we  can  obtain  from  the  thallium  system.  In  conjunc¬ 
tion  with  this  effort,  we  are  concerned  with  the  detailed 
modeling  of  mixing-reaction-diffusion  rates  in  these  par¬ 
tially  premixed  systems  [39],  It  will  also  be  appropriate 
to  establish  whether  the  formation  of  a  shock  zone  at  the 
intersection  of  the  reactant  flows  in  the  reaction-amplifi¬ 
cation  region  is  effectual. 

Because  of  its  short  radiative  lifetime,  the  T1 2Sl/2  state 
is  not  an  ideal  laser  candidate  for  high-power  energy  ex¬ 
traction.  However,  the  concepts  of  which  we  have  made 
use  can  be  generalized  to  longer  lived  excited  states  and 
laser  transitions  which  do  not  terminate  on  metastable  lev¬ 
els.  For  example,  we  are  currently  using  SiO  metastables 


to  pump  the  near  resonant  Na  4 d2D  and  Ss2S  levels  oh 
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ABSTRACT 


Two  approaches  to  visible  chemical  laser  development  are  outlined.  An  extremely 
efficient  near  resonant  intermolecular  energy  transfer  from  selectively  formed  metas- 
table  states  of  SiO  and  GeO  to  sodium  atoms  is  used  to  form  a  sodium  atom  laser 
^piifier  representing  an  extension  of  the  outlined  concept  producing  the  first 
visible  (535  nm)  chemical  laser  amplifier  and  oscillator  based  on  a  thallium  atom 
receptor.  We  outline  the  thallium  laser  concept  and  the  development  of  the  sodium 
based  energy  transfer  system  for  laser  amplification  and  oscillation  in  the 
wavelength  ranges  -  569  and  616  nm.  In  a  second  approach,  we  rely  on  the  high  cross 
section  (pumping  efficiency)  highly  selective  and  exothermic  sodium  trimer-halogen 
atom  reactions  to  produce  continuous  sodium  dimer  laser  amplifiers.  Optical  gain 
through  simulated  emission  is  demonstrated  in  regions  close  to  527  (38%  for 
individual  rovibronic  level  (a  =  8  x  l(T3/cm)),  492,  and  460  nm  ( -  2.3%  for  indiv. 
rovibronic  level).  Potential  extensions  to  the  ultraviolet  are  noted. 


INTRODUCTION 

We  have  employed  certain  unique  aspects  of  a  very  select  group  of  highly 
exothermic  simple  metal  oxidations  in  order  to  develop  what  appear  to  be  the  first 
chemically  driven  laser  amplifiers  (and  oscillators)  operative  in  the  visible 
spectral  region.  One  class  of  these  systems  operates  in  a  pulsed  configuration 
relying  on  ultrafast  near  resonant  intermolecular  energy  transfer2  from  metastable 
storage  states  formed  in  chemical  reaction  to  subsequently  amplifying  thallium  (535 
run),  gallium  (417  nm),  and  sodium  (569  nm)  atom  transitions,  the  thallium  system  now 
emg  converted  to  a  multipass  oscillator  configuration.  A  second  system  operates  on 
the  creation  of  a  continuous  population  inversion  based  on  the  chemical  pumping  of 
sodium  dimer  (Na2)  and  thusfar  showing  amplification  at  527,  492,  and  460  nm  1 


Chemically  Driven  Visible  Laser  Transitions  from  Ultrafast  Energy  Transfer 

We  have  been  concerned  with  the  demonstration  of  pulsed  chemically  driven 
visible  laser  amplifiers  and  oscillators  based  on  the  near  resonant  fast  energy 
transfer  pumping  of  potentially  lasing  atomic  transitions.  Toward  this  goal,  we  have 
developed  techniques  to  form  copious  quantities  of  the  metastable  SiO  and  GeO  a3E+ 
and  b  it  states  as  the  products  of  the  primarily  spin  conserving  Si-N20,3  Si-N02  4  Ge- 
N20  and  Ge-03  reactions.  These  long-lived  triplet  states  act  as  an  energy  reservoir 
for  fast  near  resonant  intermolecular  energy  transfer  to  efficiently  pump  atomic 
transitions.  With  this  approach  we  have  obtained  short-lived  amplification  and 
oscillation  from  atomic  thallium  at  535  nm  (gain  coeff.  a  >  2.5/cm)2*5.  We  have 
extended  this  concept  to  the  pumping  of  sodium  and  potassium  atom  transitions  which 
show  the  promise  of  producing  higher  duty  cycle  operation,  and  have  now  demonstrated 
gain  in  the  Si-SiO-Na  system  at  569  nm. 

The  SiO  and  GeO  "a3E+"  and  "b3,n"  states  form  a  combined  metastable  triplet  state 
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reservoir  which  is,  at  best,  weakly  coupled  to  the  ground  electronic  X1Z+  state 
(minimal  nonradiative  transfer).  This  reservoir  can  be  maintained  and  can  be  made  to 
transfer  its  energy  to  pump  an  atom  of  interest  if  a  near  resonant  energy  transfer  is 
feasible.  We  make  use  of  an  efficient  intermolecular  energy  transfer  process 

SiO,  GeO(a3i:+lb3TT)  +  X  -»  SiO,GeO(X1E+)  +  X*  (1) 

A 

where  X  represents  the  electronically  excited  atomic  species  from  which  we  wish  to 
obtain  lasing  action.  The  success  of  this  outlined  scheme  depends  on  the  rates  for 
the  reactions  forming  the  SiO  or  GeO  metastables^1  and  the  rate  of  the  MO  (M=Si,Ge)  - 
X  ^ntermolecular  energy  transfer  strongly  influenced  by  near  resonances  between  the 
MO  and  X  energy  levels. 

Initially,  the  Group  IIIA  metal  thallium,  was  chosen  as  a  promising  candidate 
for  the  transfer  scheme  considered  because  this  atom  has  a  regular  ground  electronic 
P  state  with  a  substantial  spin_orbit  splitting  (7792.7  cm  ^ ) 3  and  an  excited  3Si in 
upper  state  in  near  resonance  with  the  SiO  and  GeO  triplet  states.  In  addition,  1 


Flguro  1(a) 
Flgura  1(b) 


Figure  1(c) 


It  atora  energy  level*. 


Figures  1 


Tl  7  2Swj  -  6  2  p  3/ 2  (535. lnm)  aupe  r  f 1  uo  ra  sc  me  •  obnnid  u  a  algnal  trigger  livil  of  0.2V  (fluorescent  level 
0 . 0*.  5  V)  .  The  trigger  of  the  aupe  r  f  luo  rue  ence  li  bv  algnal  Level  end  not  by  reectent  nixing  which  occurs 
on  e  euch  longer  1 1»«  sole.  The  senvired  FVh“  la  ^  5  nsec  compared  to  '  .  7.5  n-sec.  the  rsdistlve  lifetime 
of  the  7  Sj/2  level.  A  return  to  the  fluorescence  level  Is  seen  subsequent  to  the  supe r f 1 uo re  sc en t  pulse. 

No  such  superf  luorescent  pulse  Is  sssoclited  with  the  Tt  7  :S;,n  -  f>  2?i/;  (377. 7n»)  transition. 

Tt  7  S  x / 2  ■  6  2p  J/2  (535. ln»)  superf luorescent  osclilitlon  observed  with  full  User  cavity  configuration. 

The  superfluorescence/fluorescence  ratio  (fluorescence  following  > e 1 f- t e ra 1 na t Ion  of  laalng  action)  la  now 
In  «xcpsb  of  100. 
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photodissociation  lasers  involving  the  corresponding  upper  \/2  atomic  state  were 
lready  known  for  all  of  the  Group  IIIA  atoms,  these  operating  on  the  strongly 
allowed  Swg  -  X  P 3/2  transition  and  producing  laser  action8  at  417  (Ga),  451  (In) 
and  535  nm  (Tl).  We  make  use  of  the  scheme  (Figure  1(a)) 


Pump:  MO  +  X2P1/2  -►  X*  (2S1/2)  +  MO11 
Lasing:  X*  (2S1/2)  -►  X  (2P3/2)  +  hv 


(2) 

(3) 

?hp6x2phe  oxide  excitation  is  transferred  to  the  Group  IIIA  atom,  pumping  from 

the  X  Pw2  to  the  energetically  accessible  electronically  excited  2Si  /•>  level  this 
level  subsequently  undergoing  the  (potential  laser)  transition  2S1/9  -  X2p,/0’to  what 
corresponds  to  an  initially  sparsely  populated  2P3/2  spin  orbit  exponent  < 

e  1U  (N1/2)  at  T  <  1100K)  in  the  Tl  system.  3/2 

The  efficiency  of  the  outlined  process  for  X  -  Tl  (2Pi/2),  which  does  not  react 
to  form  the  metal  monoxide,  is  such  that  a  "superf luorescent*  laser  spike  (Fie.  1(b)) 
some  10  times  the  normal  2S1/2  -  2P3/2  fluorescent  intensity  is  generated  on  less 

than  a  5ns  time  scale.  As  the  population  of  the  P3/2  metastable  level  builds  in 
this  system,  the  <-  i»«-4 _ j _ _• _ TlS  ^  ... 


5l/2  *  p3/2  population  inversion  is  lost  and  lasing  ceases. 

>  _ _ 1  _  .  0  O 


-  i/z  oil  r aiwu  is  iusL  ana  lasi 

signal  level  in  the  remainder  of  the  temporal  scan  corresponds  to  2Si  /-> 
fluorescence.  *• 


.  2 


The 


P3/2 


We  have  now  extended  the  Tl  atom  laser  amplifier  concept  to  develop  the 
corresponding  laser  oscillator.  In  a  stable  resonant  cavity  intermediate  to  a  near 
planar  -  near  confocal  configuration  (gi»82=l 7/ 20 )  with  3Z  output  coupling,  we  obtain 
a  substantial  increase  in  output  power  (  -  10X)  accompanied  by  a  substantial  increase 
in  the  ratio  of  superfluorescence  to  fluorescence  (>  100)  (Fig.  1(c))  verses  the 
single  pass  amplifier.  This  output  is  obtained  with  up  to  three  passes  through  the 
amplifying  medium  in  the  time  scale  over  which  the  population  inversion  in 
maintained  *  (~  3-5  ns).  Amplification  and  oscillation  are  obtained  with  high 

ynl4/an^2°nCentrati0nS  (Si(Ge)  >  2  x  1014/cm3,  Tl  >  1  x  1016/cm3,  oxidant  >  5  x 
10  /cm  )  and  only  in  those  systems  in  which  the  Si  or  Ge  and  Tl  are  premixed  before 
the  oxidation  -  energy  transfer  -  amplification  cycle  is  initiated.2  A  major  focus 
o  our  continuing  efforts  has  been  to  extend  the  near  resonant  energy  transfer 
concept  to  atomic  sodium  or  potassium  as  a  means  of  forming  higher  duty  cycle  laser 
amplifiers,  optimizing  the  efficiency  of  these  created  laser  amplifiers,  and 
subsequently  optimizing  these  systems  so  as  to  produce  efficient  laser  oscillators. 


Extension  of  the  Near  Resonant  Intermolecular  Energy  Transfer  Concept  to  Na  and  K 
Atom  Transitions 

While  our  initial  efforts  have  been  focused  primarily  on  a  pump  of  thallium  atom 
excited  states,  we  have  now  extended  the  near  resonant  energy  transfer  concept  with 
an  emphasis  on  obtaining  an  efficient  pump  for  longer  lived  emitters  (allowing  a 
further  increase  in  energy  storage  in  the  laser  cavity).  In  this  respect  the  more 
nearly  energy  transfer  resonant  Na  system  energy  level  scheme  depicted  in  Fig.  2  is 
well  suited.  Here,  in  developing  this  system  and  its  potassium  analog  we  not  only 
take  advantage  of  the  chemical  pumping  of  the  considerably  longer  lived  2S  or  2D 
levels  of  the  sodium  atom  but  also  we  replace  the  metastable  Tl  2P3/2  state  (Fig.  1), 
the  terminal  laser  level  in  our  amplifier-oscillator  concept,  with  a  rapidly  depleted 
low-lying  electronic  state  corresponding  to  the  upper  level  of  the  Na  D-line 
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transition. 


(b) 


Figures  2 

riguro  2  (•)  Na  i(o«  tnargy  l«vol  «ch<raw  and  puaplng  cycl«s  to  prodi^ca  *d  2D  md  5a  2S  ncltxl  ititia. 

Ftgura  2(b)  Typical  anarjy  tranafar  punning  jpcctr-a  (or  Ha  *d  ‘0  -  3p  JP  and  5l  2S  -  3p  tranaltlona  and  3p  2P  -  3a  2S 
•odluw  D-lln«  The  D-it-.e  r^iaBlon  r«fluic»  both  from  dlract  «n3rgY  tnnsfcr  ptnaplng  froa  ground 

state  SaO  and  (ron  fluorescence  to  the  3p  -P  level. 


Oscillator  strengths  for  transitions  among  the  Na  levels  depicted  in  Fig.  2(a) 
are  catalogued  and  compared  to  T1  in  Table  1.  To  an  even  greater  degree  than  the  T1 
and  Ga  systems,  a  near  resonant  energy  matchup  to  the  receptor  atoms  of  interest 
certainly  pervades  in  the  Na  and  K  systems  where  both  metastable  SiO  and  GeO  can  be 
used  to  energy  transfer  pump  from  the  3s2S  Na  ground  state  (4s2S  in  K)  to  the  4d2D 
and  5s  S  levels  (5d  D  and  6s  S...in  K).  In  the  T1  system  laser  action  is  terminated 
through  the  filling  of  the  P3/2  level,  however,  in  the  sodium  system  (Fig.  2(a))  the 
terminal  laser  level  is  the  extremely  short-lived  upper  level  of  the  Na  D-line.  The 
3p  P  -  3s  S  transition  is  characterized  by  a  high  oscillator  strength  facilitating 
rapid  loss  of  the  terminal  laser  level  to  create  ground  state  sodium  atoms  which 
Figs.  2(a)  and  2(b)  demonstrate  are  again  amenable  to  near  resonant  energy  transfer 
pumping . 

While  the  5s  2S  and  4d  2D  levels  are  not  readily  assessed  in  an  optically  pumped 
transition.  Fig.  2(b)  demonstrates  that,  using  SiO  metastables  formed  in  the  Si-NoO 
reaction,  we  have  now  successfully  energy  transfer  pumped  Na  atoms  to  the  2S  and  "D 
levels  where  they  subsequently  emit  radiation  at  -  616  nm  and  569  rim  as  they  undergo 
transition  to  the  3p  2P  levels.  These  transitions  are  characterized  by  moderate  to 
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small  oscillator  strengths.  The  assessed  Na  cycle  with  its  5011  to  50011  nanosecond 

User  leve]  I"*,1!11”  <VS:.T;1  Sl/2  «  -  W.11)  short-lived  tenrinel 

laser  level  would  appear  ideally  suited  to  obtain  high  duty  cycle  laser  amplifiers 

and^oscillators.  In  fact,  we  have  now  measured  gain  in  the  sodium  system  at  -  569  nm 
(.a  =  0.27/cm)  consistent  with  our  previous  observations  in  the  Ge-GeO-Tl  system  2 
Gain  measurements  were  carried  out  using  an  optical  train  surrounding  T'short 
reaction-energy  transfer-amplification  region,  the  entire  device  closely  parallelinn 
an  ingenious  design  used  by  Roll  and  Mentel12  to  measure  new  laser  lines  in  Sell 
employing  amplified  spontaneous  emission. 


While  our  continued  emphasis  has  been  on  the  sodium  system  and  the  results 
presented  m  Fig.  2(b)  involve  a  metastable  SiO  pump,  it  is  also  feasible  to  use  GeO 
metastables  for  energy  transfer  pumping.  The  efficient  pumping  of  the  2S  and  2D 
states  of  sodium  and  potassium  is  significant  because  their  increased  radiative 
lifetimes  can  lead  to  more  efficient  energy  storage  in  a  laser  cavity  while  the 
higher  oscillator  strength  of  the  3p2P-3s2S  transition  in  sodium  (4p^P-4s2S  in  K) 
facilitates  rapid  loss  of  the  terminal  laser  level  to  create  ground  state  sodium 
atoms.  Figure  2  demonstrates  that  the  resultant  atoms  are  again  amenable  to  near 
resonant  energy  transfer  pumping. 


Table  I 


Transition  Probabilities  Among  Select  Low-Lying  States 
of  Atomic  Sodium3  and  Thallium^ 

Transition  Composite  Einstein  A  Coeff.  Averaged  Oscillator  Strength,  f 


Na 

5s 

2S  -  3p 

2P 

0.072 

0.0137 

Na 

4d 

2D  -  3p 

2P 

0.131 

0.106 

Na 

3p 

2P  -  3s 

2S 

0.629 

0.982 

(Na 

D-line) 

Tlb 

7s 

2s1/2  _ 

6p 

2pl  /  2 

0.617 

Tlb 

7s 

2s1/2  - 

6p 

2p3/2 

0.716 

Tlc 

6p 

2p3/2  - 

6p 

2pl/2 

<  0.01 

a. 

b. 

c. 

See  References  11. 

Estimated  on  the  basis  of  data  in  Refs.  11. 
Radiative  lifetime  on  order  of  1  second,  J. 

Wiesenfeld,  private  communication 

In  our  successful  efforts  with  the  T1  system  we  have  demonstrated  a  laser  system 
with  a  gain  coefficient  a  -  2.5/cm.  The  extension  to  the  longer-lived  states  of 
sodium  and  potassium  shows  yet  more  promise.  Given  the  appropriate  engineering  and 
the  ability  to  overcome  the  critical  scaling  parameters  of  cavity  stability  at  high 
powers,  we  suggest  that  the  select  systems  which  we  have  outlined  will  be  scalable  to 
megawatt  peak  power  levels  as  the  necessary  reactants  can  be  synthesized  in  a  highly 
volatile  form,  clearly  enhancing  the  ability  to  create  much  higher  reactant  and 
product  concentrations. 
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Continuous  Chemical  Laser  Amplifiers  in  the  Visible  Region 


We  have  been  concerned  with  the  high  cross 
( Cl , Br , I )  reactions  which  form  Na9*  in  several 
The  optical  signatures  for  the  processes 


section,  highly  exothermic  Na3  - 
of  its  excited  electronic  states. 


X 

1 


Na3  +  Cl.Br.I  ->  Na2*  +  NaX  (X  =*  Cl.Br.I) 

encompass  emission  from  a  limited  number  of  Na9  band  systems.  Surprisingly  the 
observed  emission  is  characterized  by  sharp  well  defined  emission  regions1  (Figures 
.3,4;  superimposed  on  a  much  weaker  but  perceptible  background.  As  Fig.  4 
demonstrates,  these  sharp  emission  features  are  not  readily  explained  by  invoking  a 
purely  fluorescent  process. 1  R 


ShfP  natUre  °f  several  B-X,  C-X,  and  C'-X  Na2  fluorescence  features 

(.Fig.  3)  and  their  correlation  in  certain  regions  to  the  emission  characteristic  of 
opticaily  pumped  Na2  laser  systems13  (ex:  528. 2nm  (v* ,v")  -  (6,14)B-X)  suggests  the 
possibility  that  stimulated  emission  might  be  associated  with  certain  of  the  Na9 

emission  products.  Laser  gain  measurements  have  been  carried  out  to  assess  this 
possibility. 


In  order  t0  carry  out  these  studies,  we  have  developed  (Fig.  5(a))  a  unique 
source  configuration  which  allows  the  supersonic  expansion  of  pure  sodium  vapor  to 
create  a  Na3  concentration  not  previously  attained  in  a  reaction  amplification  zone. 
yjf"8  x°n  dye  lasers  to  study  the  Na3  +  Br  reaction  we  have  scanned 

(.Fig.  bib))  the  entire  wavelength  region  from  420  to  600nm  (Figure  3)  at  0.5  cm’1 
resolution  ( FWHM)  and  the  regions  around  527nm  and  460nm  (Fig.  4)  at  0.007  cm-1 
resolution  using  a  ring  dye  laser.  We  find  that  laser  gain  and  hence  amplification 
is  characteristic  of  certain  select  regions  and  that  several  of  the  sharper  and  more 
pronounced  emission  features  apparent  in  the  spectra  depicted  in  Figure  3  correspond 
to  a  stimulated  emission  process  and  to  the  establishment  of  a  population  inversion. 
Our  ring  dye  laser  studies  demonstrate  that  the  strong  feature  at  -  527nm  (Fig.  4) 

corresponds  to  stimulated  emission  from  between  four  and  seven  unresolved  rotational 
levels . 


Optical  gain  through  stimulated  emission  has  been  measured  at  0.5  cm-1 
resolution  in  the  regions  527nm  (1Z  gain),  492nm  (0.3Z  gain)  and  460. 5nm  (0.8Z  gain), 
correlating  precisely  with  the  reactive  process  and  the  relative  intensities  of  those 
features  observed  while  monitoring  the  light  emitted  from  the  Na3-Br  and  Na3-I 
reactions  (Figs.  3,4).  High  resolution  ring  dye  laser  scans  in  the  527nm  region 
indicate  that  the  gain  for  the  system  is  close  to  3.8Z  for  an  individual  rovibronic 
transition  with  approximately  four  to  seven  transitions  showing  gain.  At  459.8  nm  we 
have  measured  2.3Z  gain  for  an  individual  rotational  level.  These  results  demon¬ 
strate  the  continuous  amplifying  medium  for  a  visible  chemical  laser  in  at  least 
three  wavelength  regions.  At  no  other  scanned  wavelengths  have  we  observed  gain. 

In  the  region  of  the  sodium  D-line,  a  substantial  absorption  and  hence  loss  is 
monitored  as  a  function  of  the  tr imer-halogen  atom  reaction. 

Because^of  the  low  Na3  ionization  potential  and  the  high  halogen  electron 
affinities,  the  Na3-halogen  atom  reactions  are  expected  to  proceed  via  an  electron 
jump  mechanism  with  extremely  high  cross  sections,15  producing  substantial  Na9 
excited  state  populations.  The  created  population  inversions  monitored  thusfar  are 
thought  to  be  sustained  by  the  large  number  of  free  halogen  atoms  reacting  with  the 
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halogen  gun 


met Jthajes . 


thl  S! ?!  1  036  8rOUnd  State  l6Vels  on  which  the  transitions  emanating  from 

sodif™2  T  ?  sta!fs  terminate  aa  well  as  collisional  relaxation  of  ground  state 
sodium  moieouies.  The  cross  section  for  reaction  of  vibrationally  excited  ground 
state  Na2  is  expected  to  be  quite  substantial  relative  to  that  corresponding  to 
collision  induced  vibrational  deactivation  of  the  Na2  manifold.  Ex tr Lely  Efficient 
reactions  rapidly  deplete  the  lower  state  levels  in  this  system  allowing  one  to 
sustain  a  continuous  population  inversion. 

not.^IiLaj°r1eff0LtS  ^husfar  have  focused  on  the  Na2  B-X  spectral  region  and  the 

460n™  L  !Vel0?“en  °f  S  1!SSr  oscillator  at  wavelengths  in  the  vicinity  of  527  and 
nm.  We  are  also  concerned  with  the  extension  of  these  studies  further  into  the 

lifetV1°let  regl0n  Primarily  as  they  assess  states  of  considerably  longer  radiative 


The  Na2  -  395,  ~  365,  and  -  350nm  emission  regions  depicted  in  Fig.  6  represent 
a  portion  of  the  optical  signatures  for  the  Na3-Br  reaction.  They  are  of  interest 
for  they  correspond  again  to  sharp  emission  features,  on  a  broad  and  weak  background 
whose  appearance  cannot  be  readily  explained  in  terms  of  a  purely  fluorescent  * 
process.  They  are  tentatively  associated,  at  least  in  part  with  a  very  recently 
ascribed  double  minimum  excited  electronic  state^  (2^E 

3  .  i The  radff^iv®  lifetimes  associated  with  this  double  minimum  state  are  complex 
and  longer  (>40ns)  than  those  associated  with  the  Na2  B-X  region.  These  longer 
lifetimes  of  course  enhance  the  potential  energy  storage  in  a  laser  cavity.  This,  in 
turn,  suggests  that  the  laser  gain  studies  already  performed  should  be  extended  to 

*eglon  in  °*der  to  assess  the  feasibility  of  using  these  transitions  as 
the  source  of  laser  amplifiers  extending  far  into  the  ultraviolet.  Further,  we  will 

^  VfT1  t£eSe  studies  to  the  other  alkali  metals,  taking  advantage  of  the 
possibility  for  forming  laser  amplifiers  extending  both  to  considerably  shorter  and 
longer  wavelength. 
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Abstract  -  Extremely  efficient  near  resonant  intermolecular  energy  transfer 
from  selectively  formed  metastable  states  of  SiO  and  GeO  is  used  to  pump 
select  receptor  atoms  with  a  focus  on  the  creation  of  visible  chemical  laser 
amplifiers  and  oscillators.  Visible  transitions  associated  with  thallium 
(1  -  535nm) ,  gallium  (X  «  417nm) ,  sodium  (X  -  569 ,616 ,819nm) ,  and  potassium 
receptor  atoms  have  been  considered.  A  detailed  outline  of  the  alkali  based 
systems  is  presented. 


1.  Introduction 

Certain  unique  aspects  of  a  very  select  group  of  high  quantum  yield,  highly  exother- 
mic  simple  metal  or  metalloid  oxidations  show  the  promise  of  creating  an  energy 
storage  medium  which  can  be  used  to  develop  what  appear  to  be  the  first  chemically 
driven  laser  amplifiers  (and  oscillators)  operating  in  the  visible  spectral  region.1 
Created  population  inversions  rely  on  ultrafast  near  resonant  intermolecular  energy 
transfer  from  metastable  oxide  storage  states  formed  in  chemical  reaction  to  pump 
subsequently  amplifying  receptor  atom  transitions  including  those  associated  with 
thallium  (X  -  535nm) ,  gallium  (X  -  417nm) ,  and  sodium  (X  -  569 ,616,819nm) .  To 
accomodate  the  desired  pump  sequence,  we  have  developed  techniques  to  form  copious 
quantities  of  the  metastable  SiO  and  GeO  a3l+  and  b3n  states  as  the  products  of  the 
primarily  spin  conserving  Si-N20,2  Si-N02,3  Ge-N20,  and  Ge-03  reactions.  These 
long-lived  triplet  states  act  as  an  energy  reservoir  which  can  be  used  for  fast  near 
resonant  energy  transfer  to  efficiently  pump  atomic  transitions. 

One  might  envision  the  SiO  and  GeO  "a3r+"  and  "b3n"  states  as  forming  a  combined 
metastable  triplet  state  reservoir  which  is,  at  best,  weakly  coupled  to  the  ground 
electronic  X  I  state  (minimal  nonradiative  transfer).  This  reservoir  can  be  main- 
tamed  and  can  be  made  to  transfer  its  energy  to  pump  an  atom  of  interest  if  a  near 
resonant  energy  transfer  is  feasible.  Thus,  we  make  use  of  an  efficient  inter¬ 
molecular  energy  transfer  process 

SiO,  GeO(a3Z+,b3n)  +  X  SiO, Ge0(X1Z+)  +  X*  (1) 

* 

where  X  represents  the  electronically  excited  atomic  species  from  which  we  wish  to 
obtain  lasing  action.  The  success  of  this  outlined  scheme  depends  on  the  rates  for 
the  reactions  forming  the  SiO  or  GeO  metastables1^  and  the  rate  of  the  MO*  (M=Si,Ge) 

-  X  intermolecular  energy  transfer  strongly  influenced  by  near  resonances  between 
the  MO  metastable  and  X  energy  levels. 

The  amplifiers  which  are  of  interest  operate  on  a  variety  of  duty  cycles  dictated 
primarily  by  the  transition  rates  associated  with  the  electronic  transitions  of 
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this  duty  cycle.  With  the®  outlined  abroach  A L221Z12Z 
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The  Thallium  Laser  Amplifier  and  Oscillator  as  a  Basis  for  Comparison 
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basis  of  rapid  energy  transfer  from  GeO  metastaJles^o^Mro ^  °perfueS  °"  the 
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cause  of  this  short  pulse  mode.  Further,  because  it  is  superfluorescenr  7  rh0 
output  power,  obtained  on  full  cavity  oscillation  with  a  30cm  qt-«M  ’ 

do„  not  8 toady  axca.d  <xlO>  th.  «U  for  J&TSJ  ^,C.r “U““" 


3. 


Fast  Intermolecular  Energy  Transfer  Pumping  of  Na  and  K  Transitions 


In  order  to  compensate  the  disadvantages  inherent  to  a  n  based  laser  system  and  r 
demonstrate  the  generic  nature  of  the  outlined  approach,  we  have  extended  the  near 

h!Sern5utyecycleri2sfrr  °ZT  t0  at°mlC  8°diUffl  °r  P0*3881™  «  a  means  of  formir* 
laser  Amplifiers*  Z  ^mpUfle”*  °Ptl«i*ing  the  efficiency  of  these  created 
ln  subsequently  optimising  these  systems  so  as  to  produce  effic- 

1  ived 'emit  ter  s^'asAAea  ?,  t°ZZ **  “d  K  based  S^e*8>  we  «  Lnger- 

this  resnlcf  rK  ?f  enhancin8  energy  storage  in  the  laser  cavity.  In 

partialirouuSednin%^ari!  S'JSirSS.'T'S'JS  leV6lS’ 

certai  i*  8ySte“’  *  near  resonant  energy  matchup  to  the  rector AtomsAf interest 
a  lL  r  9  f  the  Na  rd  K  Sy8tT  Where  both  me testable  SiO  and  GeO  can  be 

and  5s2S  levfL  ffd2ner  !?2  ""  the  3®  S  N“  8r°Und  State  (4s2s  in  K>  to  the  Ad2D 
through  tie  fnn  A  u  6a2s--:in  K)-  In  the  Tl  system  laser  action  is  terminal 
terminal^!  filling  °*  the  P3/2  level,  however,  in  the  sodium  system  (Fig.  1(a))  tt 
3p™  -  is2sStraieTM  ls.the  extremely  short-lived  upper  level  of  the  Na  Aline.  The 
rapid  lo  .  o  T  i,C  araCteli“d  by  3  high  oscillat°r  strength  facilitating 
Fiw  l(al  aL  v  7^  8Cr  1<5Vel  t0  create  8r0und  sta£e  sodium  at°ms  which 
numiini  t'l  de,non8tfate  are  a8a*n  amenable  to  near  resonant  energy  transfe; 

pumping  given  sufficient  silicon  monoxide  metastable  formation. 

«iisiiiin58H«anAM2d  l6VelS  8re  n0t  readUy  a88essed  in  an  optically  pumped 
react iii  w/i  demonstrates  that,  using  SiO  metastables  formed  in  the  Si-N2C 

1“  baVe  n°K  8uccesafuUy  a"«gy  transfer  pumped  Na  atoms  to  the  2S  and  $D 
levels  where  they  subsequently  emit  radiation  at  -x,  616  nm  and  569  nm  as  they  undergo 
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Figure  i.  (a)  Na  acorn  energy  level  achese  and  pusping  cycles  to  produce  4d  D  and  5s  S  excited  states. 

(b)  Typical  energy  transfer  puaplng  spectrua  froa  Na  4d^D  -  3p^P  and  5a^S  -  3p^P  transition®  and  3p^P  -  3s^S 
sodlua  O-llne  ealsslon.  The  D-llne  salsslcm  results  both  froa  direct  energy  transfer  pusplng  froa  ground 
state  NaO  and  froa  fluorescence  to  the  3p*P  level. 

(c)  Energy  transfer  puaplng  spectrua  corresponding  to  Na  3d^D  -  3p^P  transition. 

transition  to  the  3p2p  levels.  These  transitions  are  characterized  by  moderate  to 
small  oscillator  strengths.  The  assessed  Na  cycle  with  its  5010  to»100l°  nano¬ 
second  upper  state  radiative  lifetimes  (vs.  Til  2Sj^/2  at  ^7nsec.10)  and  short-lived 
terminal  laser  level  would  appear  ideally  suited  to  obtain  high  duty  cycle  laser 
amplifiers  and  oscillators.  Also,  as  indicated  in  Figure  1(c),  we  have  obtained 
evidence  for  Che  energy  transfer  pump  of  the  Na  3d^D  level  with  which  is  associated 
an  atomic  emission  at  X  ^  819nm  ascribed  to  the  Na  3d2D  -  3p2P  transition.  Both 
the  transitions  at  X  ^  569  nm  (a,,^  £  0.27/cm)  and  X  t  819  nm  (amax  ^  0.04/cm)  have 
been  repeatedly  shown  to  demonstrate  gain. 


Gain  Measurement 

Lansl  Lans2 


Mirror  Window!  SpoctromaWr 

R  =  98  T>99 

a 


Laser  Cavity  Configuration 


Figure  2.  Gain  measurement  and  laser  cavity  configurations. 

In  approaching  the  outlined  laser  schemes,  self  absorption  associated  with  the  Na 
D-line  must  be  a  concern.  Evidence  is  obtained  for  moderate  self-absorption  in  the 
present  experiments,  however  concern  with  the  possible  deleterious  effect  which 
such  a  pumping  of  the  Na  D-line  might  ha--c  on  transitions  terminating  in  the  3p2P 
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level  is  greatly  alleviated  by  the  Na  discharge  experiments ^of  Tribilov  and  Shukhtiri 
which  demonstrate  a  surprising11  lasing  action  on  the  Na  4s2S  -  3p2P  transitions  in 
the  infrared  region. 


Gain  measurements  were  carried  out  using  the  optical  train  depicted  in  Fig.  2(a)12 
surrounding  either  a  short  l-2cm)  reaction  -  energy  transfer  -  amplification 
region1* 5  or  the  recently  constructed  v  5cm  amplification  zone  associated  with  the 
larger  scale  cavity  configuration  depicted  in  Fig.  3.  This  optical  train  parallels 
the  ingeneous  design  of  Roll  and  Mentel12  to  measure  new  laser  lines  in  Se  II 
employing  amplified  spontaneous  emission  (ASE) .  The  gain  coefficient  a,  can  be 
calculated  from 

a  -  -i  in  (Ij-I  /I^T2) 

where  L  is  the  effective  gain  medium  length,  I.  is  the  single  pass  ASE  intensity  and 
12  is  the  double  pass  ASE  intensity,  R  is  the  mirror  reflectivity,  and  T  is  the 
transmission  of  the  "cavity"  vacuum  chamber  window  in  front  of  the  mirror. 

The  cavity  configuration  depicted  in  Fig.  3  has  been  constructed  to  facilitate  con¬ 
version  of  an  original  (■vlcm)  reaction  -  energy  transfer  -  amplification  zone 
cavity  configuration1 » ^  to  a  considerably  more  versatile  and  longer  path  length 
device.  Using  this  device,  our  amplification  path  length  is  increased  to  5  cm.  The 
newly  constructed  device  can  take  advantage  of  three  entrainment  flow  configurations 
for  silicon  or  germanium  in  the  cycle  producing  SiO  and  GeO  metastables,  one  of 
which  is  depicted  in  Fig.  3.  These  flow  configurations  produce  the  longest  path 
length  SiO  (GeO)  metastable  flames  5  +  cm)  ever  obtained.  The  long  path  length 
silicon  entrainment  flame  can  be  intersected  at  angles  close  to  90°  by  an  entrained 
flow  of  sodium  atoms  (Fig.  3).  The  entrained  silicon  and  sodium  flows  can  be  moved 
relative  to  each  other  and  hence  with  respect  to  the  reaction  -  energy  transfer  - 
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amplification  zone  to  optimize  conditions  for 
formation  of  the  gain  medium. 

The  long  path  combined  silicon  and  germanium 
oxidation  and  alkali  entrainment  source  config¬ 
uration  is  now  being  tested  in  order  to  optimize 
its  use  to  create  a  chemical  laser  oscillator. 

We  have  carried  out  the  first  experiments  to 
obtain  full  cavity  oscillation  with  this  system. 
Because  the  cavity  conditions  can  vary  precipi¬ 
tously  from  run  to  run,  a  gain  measurement  must 
accompany  each  attempt  to  obtain  evidence  for 
oscillation.  The  stark  results  obtained  for 
the  cavity  of  Fig.  3  operating  in  a  moderate 
gain  condition  are  indicated  in  Fig.  4  where 
the  scan  (a)  corresponds  to  single  pass  ASE  and 
the  scan  (b)  depicts  the  double  pass  ASE  inten¬ 
sity  (measured  with  the  optical  train  depicted 
in  Fig.  2(a))  and  associated  with  the  Na  atom 
transitions  depicted  in  the  figure.  Here,  the 
gain  coefficient  associated  with  the  Na  4d2D  - 
3p2P  transition,  a  %  0.11. 

Our  efforts  to  obtain  oscillation  in  a  pulsed 
mode  have  focused  on  the  Si-SiO-Na  system  and, 
in  particular,  on  the  Na  4d2D  -  3p2P  transition. 
Under  less  than  optimal  conditions,  we  measured 
a  gain  for  the  Na  4d2D  -  3p2P  transition  which 
corresponded  to  a  _<  0.05/cm,  clearly  notably 
less  than  the  amax  ('uO.  27/cm)  which  has  been 
obtained.  However  for  a  5cm  long  gain  medium 
this  corresponds  to  0.25  per  pass  through  the 
entire  zone.  The  gain  measurement  system  was 
replaced  by  the  full  cavity  configuration  de¬ 
picted  in  Fig.  2(b)  with  a  1%  output  coupler 
and  an  ^  99.9+2  high  reflector  (1  cm  diameter). 
The  gain  medium  was  ■v  5  cm  in  length  and  the 
cavity,  operating  in  a  stable  configuration 
^8182  ^  °-89),  was  44cm  in  length.  Using  this 
configuration  and  tuning  the  output  couDler  and 
high  reflector  after  adjusting  the  mixing  Si, 

N2O,  and  Na  flows,  we  find  a  sharp  increase  in 
outPut  intensity  which  rapidly  decays  to  a  steady  state  cavity  amplification.  This 
behavior  occurs  over  an  extremely  narrow  angle  tuning  range.  The  ratio  of  the  out¬ 
put  for  the  full  cavity  to  that  obtained  for  single  pass  amplification  is  at  least  a 
factor  of  five  in  the  apparently  steady-state  mode.  This  enhancement  was  observed 
for  a  period  in  excess  of  one  hour.  The  enhancement  was  determined  by  blocking  the 
rear  high  reflector  which  must  curtail  oscillation  in  the  system.  Walking  the  cavity 
mirrors  quickly  destroyed  this  amplification.  Upon  realignment,  sharp  increases  in 
intensity,  followed  by  a  decay  to  the  steady  state  amplification,  were  again  observ¬ 
ed.  In  subsequent  experiments,  when  only  a  fluorescent  medium  associated  with  the 
4d  D  -  3p  P  Na  transition  is  formed  due  to  improper  cavity  operation  as  evidenced  by 
gain  measurements  (low  Na  atom  concentration)  at  569  nm,  the  maximum  steady  state 
enhancement  obtained  varies  between  1.6  and  1.8,  a  factor  of  three  lower  than  that 
obtained  with  a  —  0.05.  Further  the  sharp  increase  in  intensity  following  mirror 
(cavity)  alignment  was  not  observed. 


Fig.  4. 


Single  pass  (a)  ASE  inten¬ 
sity  versus  double  pass 
(b)  ASE  intensity  for  the 
Si-SiO-Na  amplification. 


We  suggest  that  these  initial  results  are  quite  encouraging.  We  believe  that  the 
optimization  of  both  the  optical  train  and  reactant  mixing,  considering  the  rate 
limiting  effect  of  the  silicon  concentration  and  the  importance  of  sodium  atomization, 
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will  allow  us  to  improve  and  optimize  the  output  from  this  system.  While  we  attempt 
ed  to  improve  the  output  in  the  experiment  described  above  by  adjusting  the  output 
coupler,  we  observed  evidence  for  much  higher  output  levels  for  a  narrow  range  of 
angle  tuning  but  were  unable  to  hold  these  power  levels  for  more  than  a  short  time 
period.  This  may  be  due  to  the  stability  of  the  gain  medium  as  determined  bv  the 
efficiency  of  mixing  and  pumping,  however,  the  characteristics  we  observe  might  als 
be  attributed  to  spiking  and  the  onset  of  gain  saturation.  Clearly  much  more  exper 
mentation  will  be  needed  to  pin  down  cavity  parameters  and  optimal  operation. 


Whii?  ouy  continued  emphasis  has  been  on  the  sodium  system  and  the  results  presente, 
in  Fig.  1(b)  involve  a  metastable  SiO  pump,  it  is  also  feasible  to  use  GeO  metasta- 
bles  for  energy  transfer  pumping.  In  fact,  the  formulation  of  potassium  based 
amplifiers  associated  with  the  5d2D  -  4p2p  (*  -  58I,  583nm) ,  4d2D  -  4p2p  (x  i  694 
697nm)  and  6s  S  -  4p2P  (X  *  691,  694nm)  potassium  atom  transitions  might  best  be 
accomplished  with  pumping  by  GeO  metastables.  We  will  continue  to  pursue  these 
experiments. 
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The  chemiluminescent  emission  from  the  Bi  +  F2  and  Bi,  +  F  reactions  has  been  characterized.  A  study  of  the  chemiluminescent 
reaction  of  argon  entrained  bismuth  vapor  and  molecular  fluorine  over  a  substantial  pressure  range  ( 60-333  Pa )  provides  evi¬ 
dence  for  two  distinct  electronic  transitions  of  BiF  in  the  region  565-740  nm.  at  least  one  of  which  is  thought  to  terminate  in  the 
BiF  "  1"  ( X:  I  )  state  arising  from  the  ’X~(crJt 4it‘: )  configuration  of  BiF.  The  observed  transitions  with  1 7631  cm" 1  and 
i'oo®  1 5244  or  1 5784  cm* 1  exhibit  pronounced  upper  state  vibrational  relaxation  and  are  characterized,  especially  at  the  highest 
pressures,  by  a  dominance  of  progressions  eminatmg  in  v‘  =0  and  terminating  in  several  r"  lower  state  levels.  The  higher  energy 
transition  with  17631  cm-1  is  believed  to  terminate  in  the  recently  observed  BiF  "1"  state  with  i'00«6768  cm"1  (X2 1- 
X.O*  ).  The  upper  state,  denoted  A  .  with  To*  24400  cm  - 1  is  believed  also  to  be  a  "I"  state  based  on  limited  high  resolution  data 
for  at  least  two  bands  of  the  system.  The  correlation  made  here  is  in  close  accord  with  recent  quantum  chemical  calculations  which 
suggest  that  the  "l"  state  lies  *  7200  cm-1  above  v"  =0,  XO*.  The  levels  of  the  A  upper  state  appear  to  correlate  precisely  with 
several  BO*  perturber  state  levels.  This  perturber  state,  thought  to  lie  less  than  2000  cm-1  above  the  AO*  (II)  state  may  play  an 
important  role  with  respect  to  energy  disposal  among  the  excited  states  of  the  BiF  molecule.  The  second  transition  with  i'm*  15244 
or  1 5784  cm'1  also  appears  to  terminate  in  the  “1”  state  suggesting  a  second  upper  state,  denoted  A",  lying  at  22552  ±  545  cm" ' 
virtually  isoergic  with  AO*  (II ).  Alternatively,  the  second  transition  might  eminate  from  the  t  =0  upper  state  level  at  Ti,*  24400 
cm" '  terminating  in  a  lower  state  with  T0  =  86 1 5  cm"'.  In  order  to  establish  the  dissociation  energy  of  the  BiF  molecule  and  to 
determine  whether  this  controversial  bond  is  closer  to  3  or  5  eV,  both  the  ( Bi.  Bi: )  +  F:  and  ( Bi.  Bi2 )  +  F  reactive  sy  stems  have 
been  studied.  Combined  results  based  on  the  observation  of  the  chemiluminescent  Bi  +  F;  and  Bi;  +  F  reactive  encounters  pro¬ 
ducing  BiF  AO*(II)-XO*  and  BO*-XO*  emission  features  suggest  that  the  BiF  bond  energy  is  closer  to  5  eV. 


1.  Introduction 

The  suggestion  of  an  energy  pooling-energy  trans¬ 
fer  pumping  of  BiF  excited  states,  employing  meta¬ 
stable  NF.  to  develop  a  visible  chemical  laser  system 
has  lead  to  renewed  interest  in  the  low-lying  elec¬ 
tronic  states  of  BiF  [1],  Balasubramanian  [2]  has 
carried  out  relativistic  Cl  calculations  for  the  four 
lowest  electronic  states  of  the  BiF  molecule.  These 
calculations  show  that  the  ground  state  corresponds 
to  the  XO+  component  of  the  3I  ~  ( cr7t47t"2 )  config¬ 
uration  and  the  “1”  state  arising  from  this  configu¬ 
ration  is  a;  7200  cm  ~ 1  higher  in  energy.  This  result  is 
in  close  agreement  with  the  very  recent  elegant  study 
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ofFinketal.  [3]  which  establishes  the  location  of  the 
“1”  state  for  all  of  the  bismuth  halides:  a  Tc  value  of 
6752.7944(12)  cm"1  is  determined  for  the  X2 1- 
X,0+  transition  of  BiF.  Balasubramanian  has  also 
suggested  that  the  “2”  state  (2A)  and  the  AO+(II) 
state  have  rc  values  of  14595  cm-1  and  25931  cm"1, 
respectively. 

The  BiF  XO+  and  AO+(II)  states  have  been  well 
characterized  experimentally.  Jones  and  McClean  [4] 
have  assigned  65  bands  in  the  region  422-542  nm  to 
the  AO+  (II  )-XO+  transition  of  BiF.  Thirty  three  of 
these  transitions  have  been  rotationally  analyzed  and 
the  ground  state  molecular  constants  determined 
agree  well  with  those  obtained  from  the  analysis  of 
the  microwave  spectrum  [5],  Ross  et  al.  [6]  have 
extended  the  vibrational  analysis,  observing  elec¬ 
tronic  transitions  involving  all  vibrational  levels  up 
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to  1=25  and  v"  =  36  for  the  AO+  ( II )  and  the  XO+ 
states,  respectively.  The  radiative  lifetimes  for  levels 
v'  ^  6  were  also  determined  [  7  ] . 

It  is  possible  that  electronic  transitions  terminat¬ 
ing  in  the  “1”  system  may  have  also  been  observed. 
Several  investigators  [8-11]  have  reported  a  band 
system  in  the  red  region  which  Balasubramanian  [2  ] 
has  suggested  might  correspond  to  the  AO+(II)-»l 
transition.  However,  each  of  the  previous  analyses  of 
this  red  system  offer  a  different  interpretation,  and 
Ross  et  al.  [  6  ]  have  recently  used  Fourier  transform 
spectroscopy  to  observe  a  large  number  of  bands  in 
the  region  all  of  which  are  assignable  to  transitions 
involving  high  vibrational  levels  of  the  AO+  (II)  and 
0+  states.  Thus,  any  information  which  might  pro¬ 
vide  some  further  clarification  of  the  transitions  as¬ 
sociated  with  this  region  would  seem  to  be  war¬ 
ranted.  In  the  course  of  the  present  study,  we  have 
observed  strongly  pressure  dependent  (entraining 
argon)  emission  which,  in  concert  with  the  recent 
studies  of  Fink  et  al.  and  Ross  et  al.,  suggests  an  alter¬ 
nate  interpretation  for  the  observed  features  in  the 
red  region. 

At  least  two  additional  BiF  electronic  states  are 
thought  to  have  Tt  values  near  26000  cm~ '.  A  band 
system  first  reported  by  Patel  and  Narayanan  [8]  in 
the  380  nm  region  has  been  rotationally  analyzed  by 
Jones  and  McClean  [  12  ]  who  have  assigned  this  sys¬ 
tem  to  the  BO+ ->XO+  transition.  These  authors  also 
found  that  the  BO+  state  is  highly  perturbed  by  the 
AO+  state  and  one  (perhaps  two)  additional  un¬ 
known  states.  Good  rotational  and  vibrational  con¬ 
stants  were  established  for  the  BO+  state;  Ta  values 
were  estimated  and  approximate  B  values  were  de¬ 
termined  for  several  of  the  additional  perturber  state 
levels. 

The  major  impetus  for  the  present  study  of  the  bis¬ 
muth-fluorine  system  was  initially  a  significant  dis¬ 
crepancy  in  the  suggested  values  for  the  dissociation 
energy  of  BiF.  Specifically,  the  much  larger  bond  en¬ 
ergy  recently  determined  by  Ross  et  al.  [6]  sug¬ 
gested.  counter  to  previous  studies  [2,4,13,14],  the 
possible  population  of  BiF  excited  states  emitting  in 
the  visible  and  ultraviolet  in  a  single  collision  chemi¬ 
luminescent  Bi-F,  reactive  process;  a  study  of  this 
process  would  allow  the  evaluation  of  the  BiF  bond 
strength  [15],  Gaydon  [13]  estimated  the  BiF  dis¬ 
sociation  energy  to  be  2.65  ±0.2  eV.  Rai  and  Singh 


[14]  have  used  an  empirical  ionic  model  based  upon 
the  assessed  ground  state  molecular  constants  to  es¬ 
timate  a  BiF  dissociation  energy  close  to  3  eV.  From 
the  indication  of  excited  state  level  separations  sig¬ 
naling  a  possible  predissociation  of  the  AO+  state. 
Jones  and  McClean  [4]  have  suggested  that  the  BiF 
dissociation  energy  is  less  than  3.14  eV.  Balasubra¬ 
manian  [2]  calculates  a  dissociation  energy  of  2.63 
eV.  Although  not  in  total  agreement,  these  values  are 
consistent  with  Gaydon’s  initial  estimate. 

However,  Ross  et  al.  [  6  ]  have  employed  a  long  ex¬ 
trapolation  based  on  a  LeRoy-Bernstein  plot  using 
their  improved  ground  state  molecular  constants  to 
estimate  the  dissociation  energy.  Because  the  vibra¬ 
tional  spacings  for  the  highest  ground  state  levels  ob¬ 
served  in  their  study  were  still  »  350  cm" 1  some  two 
eV’s  above  the  lowest  ground  state  levels,  they  con¬ 
cluded  that  previous  estimates  of  the  dissociation  en¬ 
ergy  were  low  and  suggested  that  the  dissociation  en¬ 
ergy  was  «  5  eV.  This  value  considerably  exceeds  that 
predicted  by  a  linear  Birge-Sponer  extrapolation 
which  usually  yields  an  upper  bound  to  the  dissocia¬ 
tion  energies  [  1 3  ]  for  polar  and  ionic  molecules. 

The  reaction  between  bismuth  vapor  and  fluorine 
has  proven  to  be  an  effective  means  for  producing  the 
excited  states  of  BiF  [6,7].  In  addition,  investiga¬ 
tions  of  similar  systems  [15]  have  shown  that  a  care¬ 
ful  analysis  of  the  reaction  energetics  can  provide  an 
accurate  determination  of  the  product  molecule  dis¬ 
sociation  energy.  Because  several  questions  remain 
about  the  dissociation  energy  and  low-lying  states  of 
BiF,  the  reactions  between  bismuth  vapor  and  mo¬ 
lecular  and  atomic  fluorine  have  been  investigated  to 
determine  if  more  could  be  learned  about  the  molec¬ 
ular  electronic  structure  of  the  BiF  molecule.  These 
efforts  are  designed  to  combine  data  obtained  in 
the  study  of  the  two  chemiluminescent  reactive 
encounters 

Bi+F2-BiF*  +  F  (1) 

and 

Bi2  +  F-BiP  +  Bi  (2) 


2.  Experimental 

As  a  means  of  studying  several  processes  involvine 
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the  formation  of  metal  oxides  and  halides  and  metal 
atom  based  complexes,  we  have  developed  a  number 
of  continuous  flow  entrainment  sources.  These 
sources  are  discussed  in  detail  elsewhere  [16]. 

In  this  study,  carried  out  primarily  in  the  multiple 
collision  pressure  regime  [17],  bismuth  was  evapo¬ 
rated  from  a  specially  machined  graphite  crucible 
( Micromechanisms,  Billerica.  MA ).  The  crucible  was 
placed  in  a  resistively  heated  tungsten  basket  heater 
( R.D.  Mathis.  Long  Beach,  CA )  which  was  insulated 
with  Zirconia  cloth  (Zircar,  Florida,  NY).  The  bis¬ 
muth  was  heated  to  temperatures  ranging  approxi¬ 
mately  between  900  and  1 100  K,  producing  a  cruci¬ 
ble  vapor  pressure  ranging  to  *250  Pa.  The  metal 
flux  issuing  from  the  crucible  was  entrained  in  argon 
(Holox.  99.999%)  and  brought  to  the  viewed  reac¬ 
tion  zone. 

Two  oxidation  configurations  were  employed.  In 
one  set  of  experiments,  F,  (Air  products,  98%)  en¬ 
tering  from  a  concentric  ring  injector  inlet,  inter¬ 
sected  the  entrained  metallic  flux.  In  a  second  set  of 
experiments,  fluorine  atoms  were  formed  through 
electric  discharge  through  SF6,  producing  primarily 
SF5  and  atomic  fluorine.  The  voltage  applied  to  two 
electrodes  separated  by  1/4"  on  a  1/4"  i.d.  insulated 
glass  tube,  through  which  SF6  flows,  was  increased  to 
achieve  maximum  chemiluminescent  intensity.  This 
was  achieved  at  1300  V.  The  effluents  from  the  dis¬ 
charge  were  made  to  intersect  the  entrained  metallic 
flux.  In  the  absence  of  either  a  bismuth  vapor  flow  or 
a  discharge  through  SF6,  no  chemiluminescent  emis¬ 
sion  is  observed.  A  discharge  through  SF6  in  the  ab¬ 
sence  of  the  bismuth  vapor  flow  produces  no  BiF 
emission.  In  addition,  no  emission  associated  with  the 
bismuth  vapor  flow  is  monitored  at  wavelengths  ex¬ 
tending  to  1000  nm.  This  is  certainly  not  surprising 
for  the  bismuth  atom  constituency  is  such  that  even 
the  lowest-lying  metastable  Bi  2D  state  at  1 1 4 1 9  cm ” 1 
represents  a  mole  fraction  between  10“ 8  and  10“ 6 
that  of  ground  state  4S  (3/2)  atoms  over  the  900- 
1 100  K  temperature  range  of  the  experiment. 

As  the  vacuum  chamber  was  evacuated  by  a  me¬ 
chanical  pump  (Kinney  KT-150),  the  effluent  from 
those  experiments  involving  molecular  fluorine  could 
be  passed  over  8- 1 4  mesh  activated  alumina  to  scrub 
F2  and  prevent  fouling  of  the  pump  oil.  Alternatively, 
the  effluents  from  the  discharged  SF6  configuration 
were  trapped  at  liquid  nitrogen  temperature  in  a  glass 


trap  preceding  the  mechanical  pump.  In  the  multiple 
collision  configurations,  the  oxidant  pressure  ranged 
from  1.3  to  5.3  Pa  and  the  total  pressure  in  the  sys¬ 
tem.  corresponding  primarily  to  argon  entrainment 
gas,  was  between  60  and  333  Pa  as  measured  by  a 
Veeco  thermocouple  gauge  attached  to  the  wall  of  the 
reaction  chamber.  These  measured  pressures  may  be 
as  much  as  50%  lower  than  the  actual  values  [16]. 

The  chemiluminescent  emission  was  focused  onto 
the  entrance  slit  of  a  1-m  Spex  1 704  scanning  mono¬ 
chromator  operated  in  first  order  with  a  Bausch  and 
Lomb  1200  groove/mm  grating  blazed  at  500  nm.  A 
dry  ice  cooled  EMI  9808  red  sensitive  photomulti¬ 
plier  tube  was  used  to  detect  the  dispersed  fluores¬ 
cence.  The  signal  from  this  phototube  was  fed  to  a 
Keithley  417  fast  picoammeter;  the  output  from  the 
picoammeter  was  sent  to  an  Apple  computer  for  data 
acquisition.  The  analog  signal  from  the  picoammeter 
was  digitized  to  a  value  read  by  the  Apple  over  a  time 
period,  i,  subsequently  calculating  an  averaged  value 
in  that  time  interval.  The  computer  also  simultane¬ 
ously  drove  the  monochromator  as  the  data  was  fully 
displayed  during  a  given  scan  of  the  spectrum.  Data 
was  recorded  on  floppy  diskettes  to  permit  further 
analysis. 


3.  Results  and  discussion 

3. 1.  Observed  electronic  transitions 

The  spectrum  observed  when  a  moderate  flux  of 
argon  entrained  Bi  vapor  reacts  with  F:  under  mul¬ 
tiple  collision  conditions  is  depicted  in  fig.  1.  Three 
distinct  band  systems  are  readily  identified.  The 
strong  features  near  450  nm  correspond  to  the 
AO+(lI)-»XO+  transition ofBiF  [3,5],  All  features 
near  450  nm  can  be  assigned  to  transitions  from  v'  4, 
AO+  (II ).  The  relative  intensities  indicate  that  these 
AO+  levels  might  be  characterized  reasonably  by  a 
nearly  Boltzmann  population  distribution  with  an  ef¬ 
fective  vibrational  temperature  approximating  700  K, 
however  weak  emission  from  several  higher  lying  lev¬ 
els  of  the  AO+  ( II )  state  ( v"  >  1 5 )  extends  to  consid¬ 
erably  longer  wavelength.  The  emission  from  these 
higher  vibrational  levels,  which  may  result  from  a 
second  reactive  process  distinct  from  that  producing 
the  dominant  A-X  emission  (see  following),  is  the 
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Fig.  1 .  C  hemiiuminescent  emission  spectra  resulting  from  the  re¬ 
action  between  argon  entrained  bismuth  vapor  and  F2  under 
multiple  collision  conditions.  The  bands  labeled  A  (first* order) 
and  4  (second  order)  identify  the  AO*-XO*  transition,  the 
bands  labeled  B  correspond  to  the  BO* -XO*  transition  and  the 
bands  labeled  R  correspond  to  the  "red  system"  bands  consid¬ 
ered  in  the  text.  Spectral  resolution  is  I  nm. 

subject  of  further  study  in  other  laboratories  [6). 

The  band  near  380  nm  corresponds  to  the  origin 
sequence  for  the  BO^  — XO*  transition  [8. 12].  This 
system  is  weak  and  poorly  resolved  so  that  little  new 
information  could  be  obtained  from  its  study. 

The  "red"  systems  observed  from  565  to  740  nm 
in  the  present  study  contain  each  band  which  has  been 
assigned  by  a  number  of  investigators  [8-11 J.  How¬ 
ever.  several  additional  bands  are  also  observed  which 
have  not  been  reported  by  any  previous  investiga¬ 
tors.  Certain  of  these  features  are  quite  dominant,  es¬ 
pecially  at  higher  pressure,  where  the  A-X  emission 
features  present  in  the  spectrum  are  quenched.  Since 
bands  assigned  to  high  vibrational  levels  of  the 
ACT  (II)-XO+  transition  by  Ross  et  al.  [6]  are  also 
found  to  be  present  in  this  region,  the  A-X  system 
and  its  potential  further  extrapolation  has  also  been 
considered. 

The  bands  observed  in  the  red  region  were  found 
to  change  markedly  as  the  pressure  (primarily  ar¬ 
gon)  in  the  reaction  zone  changed  (fig.  2).  At  70  Pa 
all  of  the  observed  features  have  similar  intensities. 
No  clear  patterns  are  observed  and  no  obvious  pro¬ 
gressions  can  be  identified.  Although  the  signal  to 
noise  ratio  is  marginal  and  an  analysis  was  not  at¬ 


Fig.  2.  Chemiluminescent  emission  spectra  resulting  from  the  re¬ 
action  between  argon  entrained  bismuth  vapor  and  molecular 
fluorine  under  multiple  collision  conditions.  The  spectra  corre¬ 
spond  to  a  study  of  the  BiF  “red  sy  stem"  bands  as  a  function  of 
reaction  zone  pressure.  The  pressures  shown  are  65  Pa  ( trace  A ). 
93  Pa  ( trace  B ) .  1 30  Pa  ( trace  C )  an  1 60  Pa  ( trace  D ) .  Spectral 
resolution  is  1  nm.  See  text  for  discussion. 

tempted,  the  features  reported  by  Ross  et  al.  [6]  ap¬ 
pear  to  be  present.  As  the  (argon )  pressure  in  the  re¬ 
action  zone  is  increased,  several  bands  increase  in 
intensity  relative  to  others  in  this  region.  These  bands 
are  sharp  and  red  degraded.  They  form  two  distinct 
vibrational  progressions  with  similar  relative  inten¬ 
sities  and  vibrational  spacings.  The  measured  band 
head  frequencies  of  these  dominating  features  agree 
well  with  several  of  the  frequencies  previously  re¬ 
ported  for  the  "red  system"  bands  [8-1 1  ],  but  not 
with  the  frequencies  associated  with  the  the 
AO+  (II  )-XO*  systems  reported  by  Ross  et  al.  [6], 
These  differences,  and  their  markedly  different  pres¬ 
sure  dependent  behavior  indicate  that  the  dominant 
bands  do  not  arise  from  high  vibrational  levels  asso¬ 
ciated  with  the  AO+-»XO+  transition. 

The  spectrum  of  the  red  region  at  higher  resolution 
and  250  Pa  pressure  is  shown  in  fig.  3a.  At  this  pres¬ 
sure,  the  two  band  groupings  which  grow  with  pres- 
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sure  are  readily  identified.  In  addition  several  weak 
features  are  still  present  which  are  more  readily  iden¬ 
tified,  and  far  less  quenched,  in  the  110  and  130  Pa 
spectra  depicted  in  figs.  3b, c.  Many  clearly  corre¬ 
spond  to  the  high  vibrational  level  A-X  transitions 
reported  by  Ross  et  al.  [6],  Several  of  the  additional 
weaker  and  seemingly  pressure  quenched  features 
have  not  been  reported  previously  and  would  appear 
to  represent  vibrationally  excited  levels  associated 
with  a  portion  of  the  red  systems  or  extensions  of  the 
AO+ -*XO+  band  system. 

The  two  distinct  stronger  systems  in  the  quenched 
spectrum  (fig.  3a)  appear  to  display  the  same  vibra¬ 
tional  spacings  (table  1),  suggesting  that  they  both 
terminate  in  the  same  lower  state.  Since  the  photo¬ 
tube/spectrometer  response  is  dropping  with  in- 


Fig.  3.  Chemiluminescent  emission  spectra  resulting  from  the  re¬ 
action  between  argon  entrained  bismuth  vapor  and  F2  under 
multiple  collision  conditions,  (a)  The  spectrum  of  the  BiF  "red 
system”  bands  is  readily  observed  at  250  Pa  pressure.  The  two 
progressions  which  increase  relative  to  other  features  are  marked 
A'  and  A"  in  the  figure.  Also  noted  in  (a )  and  more  apparent  in 
(b)  and  (c),  which  correspond  to  spectra  observed  at  1 10  and 
1 30  Pa  exhibiting  less  quenching,  are  features  marked  with  open 
circles  ( o )  to  indicate  bands  which  have  been  determined  to  arise 
from  the  AO+  —  XO'’’  transition  and  features  associated  with  A  . 
i/  =  1  levels.  The  stars  indicate  features  which  probably  corre¬ 
spond  to  v' »  1  extrapolations  of  the  A  -X-  1  and  A'-X-  1  sys¬ 
tems.  In  the  lower  portion  of  the  figures  are  indicated  the  loca¬ 
tions  of  three  weak  features  which  appear  to  correlate  with  the 
expected  location  of  “weak”  AO+ (II)-X- 1  transitions  from  the 
i/=0  level  of  AO-(II)  to  t'  =0.  1.  2  for  X-  1.  These  features 
may  also  correlate  with  A  -X.- 1.  v"  =3  transitions.  See  text  for 
discussion.  Spectral  resolution  is  0.2  nm. 

creasing  wavelength,  the  longer  wavelength  features 
dominate  the  observed  spectrum.  Further,  consistent 
with  the  pressure  dependent  behavior  of  the  ob¬ 
served  systems  is  their  assignment  to  emission  asso¬ 
ciated  with  the  lowest  v'  =0  upper  state  level,  termi¬ 
nating  in  several  lower  state  levels.  The  dominant 
features  in  the  spectrum  of  fig.  3a  are  still  consider¬ 
ably  weaker  than  the  low  V  AO+(II)-XO+  features 
in  fig.  1.  This  implies  that  the  radiative  lifetimes  of 
the  red  system  electronic  transitions  exceed  substan¬ 
tially  those  of  the  A-X  transition.  The  data  in  figs. 
4a,b  demonstrates  that  the  A-X  band  system  dis¬ 
plays  significant  vibrational  relaxation  as  the  en¬ 
trainment  gas  pressure  is  changed  from  67  to  333  Pa. 
At  the  higher  pressure,  the  v'  =0  transitions  are  clearly 
dominant.  It  would  not  be  surprising  to  find  that  the 


428 


T.  C.  Devore  ei  al.  !  BiF  bond  dissociation  energy  and  BiF  red  emission  band  systems 


Table  I 

Observed  band  heads  and  assignments  for  the  "red  system"  bands 
of  BiF  at  pressures  in  excess  of  250  Pa 


Bandhcad  location  (cm 

"')  Intensit 

y  Assignment 

J(cm~ ' ) 

A  "l"-X,  1  11 

17631  ;  10 

(0.07) 

(0.0) 

542 

17089:  10 

(0.20) 

(0.1  ) 

16556:  10 

(0.33) 

(0.2) 

533 

16030:  10 

(0.25) 

(0.3) 

526 

1551 1  ±  10 

(0.13) 

(0.4 ) 

519 

15000:  10 

(0.09) 

(0.5) 

511 

14500:  10 

((0.08) 

]  (0.6) 

(500) 

A-X,  1  01 

15784:  10 

(0.06) 

(0.0) 

540 

15244;  10 

(0.19) 

(0.1  ) 

141(0;  10 

(0.35) 

(0.2) 

534 

14184;  10 

(0.27) 

(0.3) 

526 

13666;  10 

(0.19) 

(0.4) 

518 

*'  For  an  origin  band  at 

17631  cm-1 

,  v=  1  7902-543(1  +  I  / 

2)  +  2.5d  +1/2)-. 

For  an  origin  band  at 

15784  cm" 1 

(see  text  for  discussion  ). 

1 6055  —  543(i  +  1/2)  +2.5(i'  +  1  /2  )\ 

longer-lived  upper  states  associated  with  the  red  band 
system  display  a  similar  vibrational  relaxation.  Re¬ 
laxation  to  i'=0  may  correspond  to  a  major  source 
of  the  dominance  of  the  features  identified  in  fig.  3. 

The  frequency  separations  indicated  in  table  1 
demonstrate  that  the  observed  features  are  not  asso¬ 
ciated  with  the  XO+  state.  However,  these  frequency 
separations  (table  1 )  are  certainly  consistent  with  the 
vibrational  parameters  (wc 5: 543.0558(24 ), 

2.3996 ( 15))  most  recently  determined  by  Fink  et  ai. 
[3]  for  the  X:  1  (“1”)  state  of  BiF  (p0  =  6768.808 
cm  - 1 ) .  This  “  1”  state  is  calculated  to  be  *  7280  cm  - ' 
above  the  XO  state  [2].  The  observed  vibrational 
frequency  separation  (table  I )  while  larger  than  that 
estimated  by  Balasubramanian  is  consistent  with  this 
calculation  [2], 

The  assignment  of  the  upper  state  is  less  certain  al¬ 
though  an  overall  energy  level  pattern  which  appears 
consistent  with  all  previous  studies  can  be  found. 
Chakoo  and  Patel  [11]  observed  part  of  the  bands 
identified  here  and  assigned  them  as  arising  from  dif¬ 
ferent  vibrational  levels  of  the  same  excited  state. 
While  this  was  a  reasonable  conclusion,  theiranalysis 
included  some  of  the  high  vibrational  levels  associ¬ 
ated  with  the  AO  +  (II)-XO+  transition.  If  we  ex¬ 
clude  these  A-X  bands,  the  spacings  and  relative  in- 


Fig.  4.  Comparison  c:  .hemiluminescent  emission  spectra  result¬ 
ing  from  the  reaction  r>etween  argon  entrained  bismuth  vapor  and 
F,  under  multiple  coiiision  conditions.  Spectrum  (a)  depicts  the 
BiF  AO*  (II  )-X,0*  emission  spectrum  obtained  at  a  total  pres¬ 
sure  close  to  67  Pa  whereas  spectrum  (b)  depicts  the  A-X  emis¬ 
sion  observed  at  a  total  pressure  of  333  Pa  (primarily  argon). 
These  spectra  reveal  a  strong  vibrational  relaxation  to  v  =0. 
AO  (II).  Spectral  resolution  is  0.8  nm  for  both  spectra.  See  text 
for  discussion. 


tensities  observed  here  are  not  consistent  with  their 
assignments.  Further,  recent  calculations  [  18]  which 
attempt  to  determine  Franck-Condon  factors  using 
the  Chakoo  and  Patel  [11]  data  suggest  that  either 
their  determined  B  values  or  vibrational  assignments 
are  incorrect.  Based  on  the  data  which  Chakoo  and 
Patel  [11]  present,  and  our  current  observations  we 
favor  a  significant  reevaluation  of  their  vibrational 
analysis.  Their  B  values  appear  consistent  with  their 
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catalogued  rotational  structure,  although  their  7 
numbering  may  require  some  revision.  We  suggest 
that  the  dominant  features  in  fig.  3  should  be  as¬ 
signed  to  two  transitions  both  of  which  incorporate 
bands  from  the  Chakoo  and  Patel  analysis  and  are 
not  associated  with  the  AO  +  ( II )  upper  state. 

The  relative  intensities  of  the  groupings  (table  1 ) 
observed  in  the  present  study  do  not  change  with 
pressure.  While  it  is  possible  that  an  energy  transfer 
process  selectively  populates  certain  vibrational  lev¬ 
els  of  the  upper  state  and  that  these  levels  radiate  be¬ 
fore  they  can  be  relaxed,  it  is  more  likely  that  the  ob¬ 
served  emission  emanates  from  the  v'  =0  level  of  two 
different  long-lived  excited  states  whose  transition 
moments  are  greatly  exceeded  by  the  A-X  system. 
This  can  facilitate  vibrational  relaxation,  with  in¬ 
creasing  pressure,  in  the  excited  state  manifold  on  the 
time  scale  for  emission.  The  limited  upper  state  vi¬ 
brational  frequency  information  obtained  in  the 
present  study  ( table  2  and  fig.  3 ),  compared  also  with 
that  of  prior  workers  [  8- 1 1  ]  and  with  the  A-X  relax¬ 
ation  discussed  previously  ,  suggests  that  this  is  a  rea¬ 
sonable  assumption.  The  energy  level  pattern  deter¬ 
mined  from  the  following  considerations  appears 
consistent  with  the  results  of  a  perturbation  analysis 
on  the  AO+(II)-XO+  and  BO+-XO+  band  systems 
by  Jones  and  McLean  [4, 1 2  ] . 

Balasubramanian  [2]  has  suggested  that  the 
AO+(II)-*“l”  transition  might  be  observed  in  the 
“red”  energy  region.  While  it  is  tempting  to  associate 
one  of  the  two  transitions  catalogued  in  table  1  with 


Table  2 

Observed  states  and  molecule  constants  for  BiF 


State 

Te(cm'‘ ) 

Hlcm'1) 

wj;((cm- 

')  B,{  cm'1) 

xcr  *> 

0 

512.81 

2.35 

0.22998 

X2  1  b> 

6753 

543.0 

2.40 

0.23512 

AO*(II)  11  22957 

383.8 

3.5 

0.20913 

A"  c’ 

22552 

- 

_ 

_ 

c.d) 

22400 

„397„ 

"3.1” 

0.210 

BO*  *' 

26001 

626.8 

6.6 

0.2309 

*’  Literature  data  from  ref.  [4J. 

bl  Rounded  values  from  ref.  [3].  Data  obtained  in  the  present 
study  is  consistent  with  *<00  =  6768  cm-1.  cut*543  cm'1, 
<0^3:2. 5  cm"'. 
cl  T0.  this  work 

d)  7>  24399-( 397/2 )  +  ( 3. 1  /4 )  -  ( 5 1 2.8/2 )  +  (2.35/4 ) 

«  2434 1  cm-1. 


this  system,  the  data  of  Fink  et  al.  [3]  provide  evi¬ 
dence  to  indicate  that  this  is  an  unlikely  possibility. 
From  the  location  of  the  AO  +  ( II)  [4],X:1  [3],  and 
XO+  states,  it  is  possible  to  infer  the  location  of  the 
A0+(1I)-X2 1  band  features.  The  spectra  in  figs.  3a- 
c  show  three  weak  features  which  might  be  assigned 
to  the  (0,0),  (0,1),  and  (0,2)  transitions  of  this 
system. 

The  upper  state  of  the  grouping  with  band  origin 
tentatively  assigned  at  17631  cm-1  (table  1)  may 
correlate  with  several  of  the  perturber  levels  identi¬ 
fied  by  Jones  and  McLean  [4],  These  authors  ana¬ 
lyzed  and  catalogued  several  perturbations  of  the  BO+ 
state.  Interactions  with  BO+.  v'  =0,  centered  at  7=48 
and  78  were  correlated  with  Tp= 26129.2  cm'1. 
Bp=0.201  cm'1,  and  rx  =  26292  cm'1,  flx  =  0.210 
cm'1,  respectively.  A  further  interaction  with  the 
v'  =  2  level  centered  at  7=  5 1  was  correlated  with 
TjS 27350 cm'1,  Bz=0. 195  cm'1.  In  addition,  a  level 
y,  located  close  to  the  v'  =  1 1  level  of  the  AO+  state 
and  associated  with  a  perturbation  of  BO+,  v'  =  l 
(centered  at  7=82)  was  noted  but  no  rotational  pa¬ 
rameters  were  determined  from  extra  lines  in  the  vi¬ 
cinity  of  the  observed  perturbation.  We  will  suggest 
that  the  upper  state  of  the  “17631  cm'1”  band 
grouping  correlates  with  certain  of  these  pertuber 
levels. 

Chakoo  and  Patel  [11]  have  rotationally  analyzed 
two  bands  of  the  “17631  cm-1”  system  correspond¬ 
ing  to  the  (0,2)  and  (0,3)  features  assigned  in  table 
1 .  The  upper  state  rotational  constant  which  these 
authors  have  determined.  0.2107(5)  cm'1,  is  only 
slightly  larger  than  the  rotational  constant  for  the 
AO+(II)  state,  0.20913(3)  cm-1,  [4],  suggesting 
that  the  upper  state  associated  with  these  bands  lies 
at  similar  internuclear  distance  to  the  A  state.  This 
also  suggests  that  the  overlap  of  the  vibrational  levels 
of  this  state  with  those  of  the  BO+  state  will  be  simi¬ 
lar  to  that  between  the  AO+  and  BO+  states,  facili¬ 
tating  similar  interactions.  Concomitantly,  the  inter¬ 
action  of  this  perturber  state  with  the  AO+  (II )  state 
is  expected  to  be  minimal. 

Based  on  the  assumption  that  the  feature  at  1 763 1 
cm  - 1  catalogued  in  table  1  corresponds  to  the  origin 
band  for  a  transition  which  may  eminate  from  at  least 
one  of  the  perturber  states  identified  by  Jones  and 
McLean  [4]  and  terminating  in  the  v=0  level  of  the 
BiF  “1”  (X2 1 )  state,  we  determine  that  T0  for  this 
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A  state  lies  at  ~ 24399  cm-1.  From  the  features 
identified  in  figs.  3b.c.  we  determine  the  upper  state 
constants  given  in  table  2  for  the  1 763 1  cm  - 1  band 
system  and.  on  this  basis,  estimate  that  the  v'  =  5  level 
of  this  state  lies  at  26292  cm-1,  whereas  the  v'  =  8 
level  lies  at  27352  cm'1.  These  energies  are  in  very 
good  agreement  with  the  "x"  and  “z”  perturber  state 
levels  identified  by  Jones  and  McLean  [4],  The  de¬ 
termined  T0  values  in  table  2  are  based  on  the  reason¬ 
able  identification  of  the  origin  bands  for  the 
AO  (II)-'T  and  “A'  ”-“1”  transitions  in  BiF.  If  the 
observed  highest  frequency  bands  for  these  transi¬ 
tions  do  not  terminate  in  the  t  =0  level  of  the  "1" 
state,  the  determined  To  values  will  be  at  a  higher  en¬ 
ergy  than  the  true  value.  However.  the  correlation 
w  hich  these  assignments  in  concert  with  those  of  Fink 
et  al.  [  3  ]  dictate  with  respect  to  the  perturber  levels 
identified  by  Jones  and  McLean  [4]  and  the 
AO  ( II  )-X  ,0*  transition  energies  suggests  that  the 
origin  bands  have  been  identified. 

A  suggested  assignment  for  the  long  wavelength  red 
emission  system  is  considerably  more  difficult.  The 
temptation  to  assign  these  bands  to  a  transition  also 
terminating  in  the  X:  I  sublevel  is  fostered  by  the 
close  agreement  between  the  vibrational  level  sepa¬ 
rations  observ  ed  in  this  region  ( table  2 )  and  those  of 
the  -  1 7631  cm' 1  features  (A*  1  -X2 1 ).  However,  an 
assessment  of  trends  among  the  group  V  fluorides  PF. 
AsF.  and  SbF  [19]  also  suggests  that  the  low  lying 
states  of  the  BiF  molecule,  in  which  the  transitions 
monitored  in  this  study  terminate,  have  very  similar 
vibrational  frequencies.  Therefore  it  is  not  clear 
whether  the  observed  features  eminate  from  the  same 
upper  state  as  do  the  the  A'  1  -X:  I  features  or  ter¬ 
minate  in  the  same  lower  state.  If  the  lower  energy 
red  system  with  15244  or  15784  cm'1  termi- 
nates  in  the  “  1  ”  state,  this  suggests  an  upper  state  lying 
at  22552 ±  545  cm'1,  virtually  within  one  vibra¬ 
tional  quantum  of  the  AO*  (II)  state.  Alternatively, 
this  transition  may  eminate  from  the  same  v'  =  0  up¬ 
per  state  level  at  To  =  2440O  cm-1,  terminating  in  a 
lower  state  with  T0%  8615  cm-1. 

Of  the  two  assignments  outlined  above,  we  favor 
the  X2  1  state  as  the  terminal  level  of  the  long  wave¬ 
length  red  system.  In  the  absence  of  firm  experimen¬ 
tal  data  and  considering  the  trends  in  the  group  V 
halides  [  1 9  ],  it  would  not  be  difficult  to  surmize  that 
the  a  'A  state  of  BiF  lies  close  to  8600  cm-1.  How¬ 


ever.  the  quantum  chemical  calculations  of  Balasu- 
bramanian  [2]  predict  the  a  'A  state  to  lie  at  14595 
cm  1  and  Fink  et  al.  find  some  evidence  for  this  state 
at  11255  cm  This  question  will  best  be  resolved  in 
a  high  resolution  study,  as  the  definitive  identifica¬ 
tion  of  the  a  'A  state  remains  to  be  accomplished.  We 
also  note  that  several  weak  unassigned  features  are 
observed  throughout  the  565-740  nm  region.  These 
features  can  be  fit  to  the  vibrational  frequency  sepa¬ 
rations  for  the  AO*  ( II  )-XO+  transition  and  will  be 
the  subject  of  further  study  [  6  ]  in  other  laboratories. 

If  we  accept  the  T0  for  the  “A  "  perturber  state  as 
24399  cm  1  with  5o  =  0  -l07(5)  cm-1,  and  associ¬ 
ate  the  T,  perturber  level  identified  by  Jones  and 
McLean  with  if  =  5  and  the  Tt  level  (fl2  =  0.195 
cm  ')  with  v '=8,  we  can  make  several  additional 
determinations.  The  assignment  for  the  v= 0  and  8 
levels  suggests  an  ac  value  of  0.00 197  cm"1,  compar¬ 
ing  consistently  with  the  known  states  of  the  BiF  mol¬ 
ecule  [4,12]  and  yielding  fic  =  0.21 1  (7)  cm-1.  This 
value  of  ac  should  be  compared  to  that  determined 
using  the  Pekeris  formula 

otc  =  6( U)CX' 6B*/aje  =  0.00 1 92  cm"'  . 

(3) 

with  coc %  397  and  3. 1  cm'1.  Thus  suggests  that 
the  A'  perturber  state  has  a  somewhat  stronger  bond 
than  the  AO*  (II)  state,  consistent  with  the  calcu¬ 
lated  Bc  value.  The  approximate  level  structure  for 
the  low-lying  states  of  BiF  is  indicated  in  fig.  5. 

3.2.  Energetics  of  the  bismuth-fluorine  system 

The  vapor  in  equilibrium  with  molten  bismuth  is 
known  to  contain  nearly  equal  concentrations  of  bis¬ 
muth  atoms  and  dimers  with  lesser  concentrations  of 
trimer  and  tetramer  [20],  We  find  that  the  reaction 
of  the  constituents  of  the  bismuth  vapor  flux  and  F, 
under  near  single  collision  conditions  clearly  pro¬ 
duces  intense  emission  fromrthe  BiF  AO*  (II  )  state. 
The  population  of  the  A  state  through  the  reaction  of 
Bi  atoms. 

Bi  +  F:  ->BiF*  +  F  ^  ^ 

with 

A£^Do(BiF)  — Dg(F:)  ,  (4) 

requires  that  the  BiF  dissociation  energv  be  of  orde- 
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BiF 

Energy  Levels 


Fig  5.  Approximate  energy  level  diagram  for  the  electronic  states 
of  the  BiF  molecule. 


4.45  e V  to  populate  the  observed  AO+  ( II )  levels. 

The  previously  suggested  values  of  the  BiF  disso¬ 
ciation  energy  do  not  exceed  3.14  eV  which  implies 
that,  in  sharp  contrast  to  the  recent  suggestion  of  Ross 
et  al.  [6],  the  reaction  (1 )  is  only  1.55  eV  exoth¬ 
ermic  and  will  not  produce  visible  and  ultraviolet  ra¬ 
diation.  However,  initial  estimates  of  the  bond  en¬ 
ergy  were  based  on  very  limited  Birge-Sponer 
extrapolations  [13]  and  fits  to  ionic  models  [14]  *' . 
The  value  of  3. 1 4  eV  suggested  by  Jones  and  McLean 
[  4  ]  is  based  on  the  observation  of  features  associated 
with  the  AO+  ( II )  state  that  might  signal  the  onset  of 
predissociation.  Yet,  no  direct  evidence  for  a  predis¬ 
sociation  has  been  obtained.  A  value  of  the  BiF  dis¬ 
sociation  energy  in  excess  of  4.45  eV  would  be  con¬ 
sistent  with  the  recent  value  reported  by  Ross  et  al. 

[ 6  ] .  This,  at  first  glance,  suggests  that  the  much  higher 
value  of  the  BiF  dissociation  energy  may  be  appro¬ 
priate:  however,  we  must  also  consider  that  «  50%  of 
the  bismuth  beam  constituency  is  bismuth  dimer  and 


*'  It  is  somewhat  disconcerting  that  a  simple  ionic  model  calcu¬ 
lation  based  on  the  known  ground  state  bond  distance  of 
BiF(4)  gives  3.05  eV. 


focus  on  the  possible  four  center  reaction  of  bismuth 
dimer  and  molecular  fluorine,  viz. 

Bi2  +  F;-»BiF*  +  BiF ,  (5) 

which  liberates  considerably  more  energy  with 

A£~2Do(BiF)  — Z>o(Bi2 )  — Dq(F2)  .  (6) 

The  reaction  (5)  has  the  potential  to  distribute 
%  3.05  eV  of  excess  energy  to  the  reaction  products 
provided  that  the  BiF  bond  energy  is  3.25  eV.  If  all 
of  this  energy  is  partitioned  into  electronic  excitation 
of  one  of  the  BiF  products,  the  AO+  ( II )  state  may  be 
populated.  The  Bi:  molecule  vaporizing  from  its 
source  (crucible)  may  possess  a  significant  vibra¬ 
tional  excitation,  as  even  more  energy  can  be  made 
available  to  the  reaction  ( 5 ).  Thus  this  reaction  might 
lead  to  the  observed  chemiluminescence.  If  the  BiF 
dissociation  energy  is  substantially  above  3.25  eV,  the 
reaction  (5)  can  pool  sufficient  energy  to  populate 
the  BO+  state  and  high  vibrational  levels  of  the 
AO+  (II)  state.  Thus,  it  is  difficult  to  readily  ascribe 
the  source  of  the  observed  chemiluminescent  emis¬ 
sion  and  to  establish  the  dissociation  energy  of  BiF 
using  only  the  bismuth  vapor-fluorine  molecule 
combination. 

In  order  to  provide  some  clarification  of  the  BiF 
bond  energy,  it  is  appropriate  to  consider  the  bis¬ 
muth  dimer-fluorine  atom  reaction 

Bi:  +F-»BiF*  +  Bi  ,  (2) 

This  reaction  liberates  from  %  1.05  to  3.05  eV  for  a 
BiF  bond  energy  ranging  from  3.0  to  5.0  eV.  If  the 
reaction  (2)  produces  a  substantial  A-X  emission 
signal,  this  provides  a  strong  indication  that  the  re¬ 
cent  suggestion  of  Ross  et  al.  [  6  ]  ascribing  the  higher 
BiF  bond  energy  is  correct. 

Fluorine  atoms  were  produced  using  an  electric 
discharge  through  SF6.  This  is  a  particularly  attrac¬ 
tive  system  for,  if  we  consider  reaction  with  the  en¬ 
tire  bismuth  vapor  constituency,  the  reaction  of  bis¬ 
muth  atoms  with  either  SF5  molecules  produced  in 
the  discharge  or  the  parent  SF<,  is  not  sufficiently  exo¬ 
thermic  to  yield  visible  chemiluminescence 3:.  The 

‘2  The  SF5-F  and  SF«-F  bond  energies  are  both  in  excess  of  3.25 
eV.  Therefore  the  reaction  of  bismuth  atoms  or  dimers  with 
SFs  or  SF6  is  not  sufficiently  exothermic  to  populate  the  BiF 
AO*  (II )  state.  In  the  absence  of  a  discharge  to  produce  atomic 
fluorine  no  chemiluminescence  is  observed. 
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collisionally  stabilized  bismuth  atom-fluorine  atom 
three  body  radiative  association  can  produce  visible 
chemiluminescence  if  the  BiF  bond  energy  exceeds 
2.85  eV.  However  the  emission  is  expected  to  be 
comparatively  weak  [2 1  ].  The  reaction  (2)can  pro¬ 
duce  strong  A-X  emission  provided  that  the  BiF  bond 
energy  exceeds  4.9  eV. 

We  have  successfully  employed  the  reaction  ( 2 )  to 
produce  the  intense  BiF  AO"(II)-XO  +  emission 
spectrum  depicted  in  Fig.  6a.  This  spectrum  demon¬ 
strates  that  the  Bi2  +  F  reaction  (2)  is  sufficiently 
exothermic  to  produce  the  BiF  AO* (II )  state  with 
v[  =  l~4-  The  observed  spectrum  for  the  A-X  transi¬ 
tion  taken  at  a  resolution  of  1  nm  should  be  com¬ 
pared  with  the  spectrum  depicted  in  fig.  6b  taken  for 
the  Biv(Bi.  Bi:)  +  F:  system  at  a  resolution  of 0.8  nm. 
The  A-X  spectrum  associated  with  the  “Bi,  +  F"  re¬ 
active  process  appears  to  display  a  lower  rotational 
excitation  for  the  A-X  features.  Further,  the  “red 
system  bands  of  table  1  appear  considerably  weaker 
if  not  completely  absent  and  the  emission  from  the 
B-X  band  system  is  considerably  sharpened  *3. 

These  observations  and  our  inability  to  observe 
emission  from  high  vibrational  levels  of  the  AO"  (II ) 
state  would  also  seem  to  support  the  minor  role  played 
by  a  collisionally  stabilized  bismuth  atom-fluorine 
atom  radiative  association. 

The  observation  of  a  strong  BiF  AO"(II)-X  che¬ 
miluminescence  associated  with  the  Bi2  +  F  reaction 
implies  that  the  BiF  bond  energy  exceeds  4.9  eV  **. 
Of  course,  this  value  does  not  consider  the  internal 
energy  associated  with  the  reacting  Bi2  molecule  and 
the  relative  translational  energy  of  reactant  interac¬ 
tion.  Nor  does  it  consider  the  final  relative  transla¬ 
tional  energy  of  separation  of  the  products.  We  sug¬ 
gest  that  the  results  obtained  in  this  study  imply  a  BiF 
bond  energy  in  excess  of  4.5  eV.  Further  studies  are 
in  progress  to  refine  this  value. 


13  The  sharper  nature  of  the  BiF  BCT-XO*  band  system  sug¬ 
gests  the  population  of  fewer  vibrational  levels  in  the  BO  *  state. 
Based  on  a  Bi2  bond  energy  of  2.04  eV  [22  ]  calculated  on  the 
basis  of  ihermochemical  data  assuming  a  'Z  ground  stale  and 
disregarding  other  low-lying  states  and  an  AO*  ( II ),  r’  =0  en¬ 
ergy  s:  2.85  eV.  The  population  of  vibrational  levels  v'  =  1-4 
at  a  minimum  adds  0.18  eV  to  this  total,  however,  one  must 
also  consider  the  contribution  of  the  internal  excitation  of  those 
bismuth  dimer  molecules  which  react  and  the  relative  trans¬ 
lational  energy  of  the  reactants  Bi;  and  F. 


Fig.  6  (a)  Chemiluminescent  emission  spectra  resulting  from  the 
reaction  between  argon  entrained  bismuth  vapor  and  fluorine  at¬ 
oms  (generated  via  electric  discharge  through  SF6)  taken  at  a 
background  pressure  of  200  Pa  (primarily  argon).  Band  heads 
are  denoted  (v  ,  v  )  where  V  denotes  the  vibrational  quantum 
number  of  the  upper  state  and  v~  denotes  the  lower  state  vibra¬ 
tional  quantum  number,  (b)  Chemiluminescent  emission  spec¬ 
tra  resulting  from  the  reaction  between  argon  entrained  bismuth 
vapor  and  F 2  under  multiple  collision  conditions  taken  at  the  same 
background  pressure  (primarily  argon).  Only  sequence  group¬ 
ings,  &v,  are  indicated  in  this  figure.  Spectral  resolution  is  I  nm 
for  (a)  and  0.8  nm  for  (b).  See  text  for  discussion. 


The  Bi  +  F2  reaction  is  approximately  0.25-0.40  eV 
more  exothermic  than  the  Bi2  +  F  reaction.  This  cer¬ 
tainly  seems  consistent  with  the  higher  rotational 
(internal)  excitation  associated  with  the  bis¬ 
muth  +  F2  system  and  the  diminished  intensity  of  the 
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red  band  systems  characterizing  the  Bi:  4-  F  system. 
This  will  be  the  subject  of  further  study. 


4.  Conclusions 

The  chemiluminescent  spectrum  resulting  from  the 
reaction  of  bismuth  vapor  and  molecular  fluorine  at 
a  variety  of  pressures  provides  evidence  of  two  elec¬ 
tronic  transitions  which  terminate  in  the  BiF  “  1  ”  state 
arising  from  the  ’S'(o2nY;)  configuration  of  BiF. 

A  combined  study  of  the  BiF  chemiluminescence 
from  the  Bi  +  F;  and  Bi;  +  F  reactions  has  been  used 
to  establish  a  value  of  the  BiF  bond  energy  close  to 
4.5  eV.  This  is  in  agreement  with  the  recent  study  of 
Rosset  al.  [6], 
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1.  Introduction 


Although  the  stabilities  and  molecular  electronic 
structure  of  the  group  1 5  halides,  PX-BiX  have  been 
rather  sparsely  characterized  (table  1 )  ( 1-18],  con¬ 
siderable  recent  interest  has  been  focused  on  the  BiF 
molecule  [19],  This  interest  has  been  based,  in  part, 
on  the  desire  to  energy  transfer  pump  the  BiF  A0+ 
( II )  state  in  order  to  form  a  visible  chemical  laser 
operating  on  the  A-X  (0+ )  transition  at  wavelengths 
close  to  450  nm.  We  have  recently  [16,17]  been  con¬ 
cerned  with  an  evaluation  of  the  BiF  red  emission 
systems  which  emanate  from  two  excited  electronic 
states  located  at  energies  and  intemuclear  distances 
in  close  proximity  (  <2000  cm-1)  to  the  BiF  A0+ 
(II)  state.  This  density  of  states,  specific  to  the  BiF 
molecule  and  representing  some  considerable  devia¬ 
tion  Irom  the  trends  characterizing  the  lighter  group 
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1 5  halides  (fluorides),  strongly  influences  the  appar¬ 
ent  level  structure  of  the  BiF  A  state. 

In  response  to  the  intriguing  suggestion  by  Ross  et 
al.  [15]  that  the  BiF  bond  energy  was  close  to  5  eV, 
exceeding  by  2  eV  previous  estimates  in  the  litera¬ 
ture,  we  obtained  an  estimate  of  the  BiF  bond  disso¬ 
ciation  energy  through  a  comparative  evaluation  of 
the  chemiluminescent  Bix  (Bi,  Bi2)  +  F2  and  Bi,  +  F 
reactive  encounters.  Based  on  an  evaluation  of  the 
reaction  energetics  for  the  Bi2  +  F  reaction  uncor¬ 
rected  for  (1)  vibrational  excitation  in  Bi2  and  (2) 
the  translational  energy  of  those  F  atoms  reacting  with 
the  bismuth  dimer,  we  estimated  that  the  upper  limit 
for  the  bond  energy  of  BiF  could  exceed  4.5  eV  but 
indicated  that  the  energetics  needed  to  be  refined  be¬ 
fore  an  accurate  upper  limit  could  be  determined 
[  <  b]  -  In  this  communication,  we  summarize  the  re¬ 
sults  of  our  studies  to  refine  [17]  this  initially  esti¬ 
mated  value,  taking  into  account  the  significant 
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Table  I 

Evaluated  dissociation  energies  for  group  1 5  halides  PX-BiX 


Element 

Dissociation  energy  for  MX  ( X  = 

F.  Cl.  Br.  1 )  in  electron  volts  *’ 

F 

Cl 

Br 

1 

F 

4.5  ±  1  *»*  ( I  ).  4.5510  4  ( 2  ] 

- 

- 

- 

As 

4.2"  (3) 

- 

- 

- 

Sb 

4.5  ±  1  d’  [6] 

3.7± 0.5  ^  [ 5 1 

3.2±0.6'’"  (4) 

2.5 z  1  b"  [7] 

Bi 

2.65  +  0.3"  (11-13]  >4'' 

3.14  [21],  3.76  +  0.13  (18] 

3.13  +  0.1  •>  [9,10] 

2.74  +  0.01  6"  [7.8] 

*'  References  in  parentheses. 

■”  Linear  Birge-Sponer  extrapolation. 
c>  Theoretical  calculation. 

Linear  Birge-Sponer  extrapolations  give  values  ranging  from  4.2  to  5.7  -  suggested  by  ref.  J 14). 
"  Suggested  by  ref.  [  14 ). 
n  Refs  (15-17). 

*’  Mass  spectrometry. 


translational  energy  associated  with  fluorine  atoms 
produced  from  an  SF6  discharge,  discuss  the  impli¬ 
cations  of  this  refinement  correlated  with  other  re¬ 
cent  studies  of  the  BiF  bond  energy  [15,18]  and  con¬ 
sider  the  recently  proposed  parameterizations  of  Yoo 
et  al.  [18],  to  evaluate  the  BiF  bond  dissociation 
energy. 


2.  The  BiF  bond  dissociation  energy 

Recently  Yoo  et  al.  [18]  have  used  photoion  yield 
curves  and  a  second  and  third  law  treatment  based 
on  the  ion  intensities  for  the  reaction 

2Bi(g)  +  BiF3  ( g  )*— »3BiF(g )  (1) 

to  establish  the  dissociation  energy  of  BiF  as 
3.76  ±0.13  eV.  This  value  is  nearly  1  eV  larger  than 
the  previously  accepted  values  for  the  dissociation 
energy,  2.65  eV  estimated  from  spectroscopic  data  by 
Gaydon  [  14],  3.0  eV  determined  using  an  empirical 
ionic  model  by  Rai  and  Singh  [20],  and  less  than  3. 14 
eV  determined  by  Jones  and  Mclean  [21]  from  a 
possible  predissociation  of  the  AO*  state;  however,  it 
is  over  1  eV  lower  than  the  value  of  nearly  5  eV  de¬ 
termined  by  Ross  et  al.  [15]  from  a  long  extrapola¬ 
tion  of  vibrational  level  separations  based  on  a  Leroy- 
Bernstein  [22]  plot  using  the  ground  state  molecular 
constants. 

In  investigating  the  spectroscopy  and  dynamics  of 
the  chemiluminescent  reactions  between  bismuth  va¬ 


por  (Bi.  Bi2)  and  fluorine  atoms  and  molecules,  we 
[16,17]  have  focused  some  considerable  attention  on 
the  intense  chemiluminescent  emission  from  the 
Bi2  +  F  reaction.  In  our  initial  study  [16]  we  sug¬ 
gested.  in  agreement  with  Ross  et  al.  [15],  that  the 
upper  limit  for  the  BiF  dissociation  energy  could  be 
greater  than  4.5  eV  [16].  However,  it  was  also  stated 
that  a  more  careful  assessment  of  the  internal  energy 
of  the  reactants,  particularly  the  translational  energy 
of  the  F  atom  beam  in  the  Bi2  +  F  atom  reaction, 
would  be  needed  before  a  more  precise  value  for  the 
upper  limit  of  the  dissociation  energy  could  be 
determined. 

We  have  now  further  refined  these  experiments 
through  an  assessment  of  the  F  atom  beam  produced 
in  the  SF6  discharge  employed  to  study  the  Bi2  +  F 
reaction.  It  is  clear  that  the  F  atoms  are  produced  with 
a  significant  translational  energy  and  that  the  trans¬ 
lational  energy  is  involved  in  the  reaction  since  the  F 
atom  based  chemiluminescent  signature  in  the  vicin¬ 
ity  of  the  oxidant  source  displays  a  substantial  direc¬ 
tionality  relative  to  that  characterizing  the  bismuth 
vapor/F2  interaction.  Based  upon  a  comparison  of 
the  reaction  energetics  for  several  known  systems,  we 
suggested  an  upper  bound  value  of  4.2  ±0.2  eV  for 
the  BiF  bond  energy  based  on  an  F  atom  transla¬ 
tional  energy  in  excess  of  0.5  eV  [17],  This  F  atom 
energy  has  now  been  more  stringently  parameterized 
to  energies  of  order  0.8-0.9  eV.  With  this  correction, 
assuming  differences  in  the  translational  energy  of  the 
other  reactants  and  products  are  negligible,  the  ther- 


T  C  Devore.  J.L.  Gote  /  Chemical  174  (1993)  409-415 


mochemical  cycle  [16.17]  *>  involving  Bi,  and  hot  F 
atoms  suggests  a  BiF  bond  energy  of  order  3.9  ±0.2 
e V.  slightly  higher  than  that  given  by  Yoo  et  al.  [  1 8  ] 
The  uncertainty  is  based  upon  estimates  of  the  uncer¬ 
tainty  in  the  F  atom  energy  and  will  allow  for  possible 
vibrational  excitation  in  the  Bi,. 

The  determination  of  Yoo  et'  al.  [  18]  and  our  re¬ 
finement  ot  the  dissociation  energy  provide  insight 

into  the  chemiluminescent  signature  observed  for  the 

interaction  of  bismuth  vapor  and  F2  [16,17].  This 
reactive  system  produces  strong  emission  from  the 
low-|y,ng  vibrational  levels  of  the  AO*  state  and  weak 
emission  from  the  B0+  state  and  high  vibrational  lev¬ 
els  of  the  AO*  state  [16],  If  the  reaction 

Bi(g)  +  F2(g)^BiF(g)  +  F(g)  (2) 

contributed  to  the  observed  strong  chemilumines¬ 
cence,  this  would  require  that  the  BiF  bond  energy 
exceed  4.45  eV  [16,17].  Since  the  dissociation  en¬ 
ergy  of  BiF  is  close  to  4  eV.  the  reaction  (2 )  can  pro¬ 
duce  only  vibrationally  excited  ground  state  BiF.  The 
Bi2  present  as  a  substantial  constituent  of  the  bis¬ 
muth  flux  must  react  to  produce  BiF  excited  elec¬ 
tronic  states  via  the  four  center  reaction  [16,24] 

Bij(g)  +  F,(g)-,2BiF(g).  (3) 

Since  the  r=6  level  of  the  BO*  state  and  high  vibra¬ 
tional  levels  of  the  AO*  ( II )  state  ( C  >  20  was  iden¬ 
tified  with  certainty  in  ref.  [  1 6  ]  and  Ross  et  al.  [  1 5  ] 
reported  f  =  26  under  similar  experimental  condi¬ 
tions)  are  populated,  at  least  3.7  eV  of  excess  energy 
can  be  deposited  into  the  product  molecules  formed 
via  reaction  (3).  If  we  ignore  the  possible  internal 
energy  in  the  reactants  and  use  3.76  eV  as  the  disso¬ 
ciation  energy  of  BiF,  reaction  (3)  can  generate  ap¬ 
proximately  3.9  eV  in  one  of  the  BiF  products.  Thus, 
up  to  *95%  of  the  available  reaction  exothermicity 
cars  be  deposited  into  one  of  the  two  product  BiF 
molecules  during  the  reaction!  This  large  percentage 
of  the  reaction  energy,  pooled  into  only  one  of  the 
product  species,  suggests  that  it  may  be  possible  to 
use  chemiluminescent  dimer  reactions  to  provide 
reasonable  estimates  for  bond  energies.  Further  in¬ 
vestigation  will  be  needed  to  ( 1 )  determine  if  this 
conclusion  will  hold  in  general  and  (2)  assess  the 


“  Usin«  D8(BiF)>0»(Bi2)  +  E1TOnM( 
.ForDg(Bij),seeref.  [23). 


(BiF)-E, 


<  Bi2 )  — 


conditions  under  which  this  limit  is  reached.  If  tins  is 
a  general  result,  the  energetics  of  chemiluminescent 
cluster  reactions  could  provide  insight  into  cluster 
binding  energies  as  well  as  product  dissociation 
energies. 


3.  The  Bij-F  reaction 

The  chemiluminescence  from  the  reaction 

Bi:(g)  +  F(g)-BiF(g)  +  F(g)  .  (4) 

where  the  F  atoms  are  produced  via  a  discharge 
through  SF6  has  now  been  more  thoroughly  investi¬ 
gated  [16,17],  The  r  =4  level  of  the  BiF  AO*  state 
is  populated  by  the  reaction  but  emission  from  the 
BO*  state  and  high  vibrational  levels  of  the  AO*  state 
are  not  readily  observed.  Approximately  3  eV  of  ex¬ 
cess  energy  is  required  to  produce  the  observed  emis¬ 
sion.  Since  reaction  (3)  is  exothermic  by  less  than  2 
eV,  Yoo  et  al.  [18]  questioned  whether  the  Bi-,  +  F 
reaction  was  studied  [16]  by  Devore  et  al.  and  sug¬ 
gested  that  F2  production  in  the  discharge  provided 
the  necessary  reactant  to  produce  the  observed  emis- 
sion  in  the  bismuth  vapor/SF6  discharge  system.  This 
possibility  was  carefully  considered  [16],  There  is  no 
evidence  to  support  the  assumption  that  F2  is  present 
in  the  discharge  system.  The  spectrum  of  the  SF6  dis¬ 
charge  was  examined  [  1 7  ]  to  determine  if  F2  mole¬ 
cules  were  produced.  A  dispersed  spectrum  of  the  di¬ 
rectly  viewed  discharge  through  pure  SF6  reveals  (fig. 

1 )  considerable  F  atom  emission,  some  HF  emis¬ 
sion.  and  an  as  yet  unidentified  sulfur-based  emitter 
(possibly  SFj);  however,  the  orange  F,  recombina¬ 
tion  emission  bands  [25],  which  are  readily  de¬ 
tected.  were  not  observed.  Further,  if  we  examine  the 
discharge  tube  configuration  in  a  direction  perpen¬ 
dicular  to  the  reactant  exit  port,  we  monitor  no  emis¬ 
sion.  The  generated  potential  reactants  are  relaxed  to 
their  ground  states  (or  very  low-lying  excited  states ) 
before  exiting  the  discharge  source  [17],  While  it  is 
possible  that  the  SF6  cylinder  may  have  contained 
some  F2,  this  does  not  seem  likely.  Finally,  we  ob¬ 
serve  [16]  that  there  are  several  significant  differ¬ 
ences  in  the  BiF  spectra  observed  for  the  F2  based 
reactive  system  and  the  F  atom-Bi2  reaction  (3) 
which  have  been  detailed  previously  [16,17].  Con¬ 
sequently,  clear  evidence  against  an  F2  contaminant 
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WAVELENGTH  CANGSTROMS) 

Fig.  1.  Emission  spectrum  observed  in  the  region  -t>600  nm  after  passing  a  high  voltage  discharge  through  SF6.  The  spectrum  was 
obtained  by  aligning  the  discharge  wuh  a  spectrometer  monitoring  the  emission.  The  sharp  line-like  features  correspond  to  fluorine  atom 
transitions.  The  open  structure  band-like  features  correspond  to  HF  overtone  transitions.  Spectral  resolution  is  0  I  nm 


is  obtained.  Further,  it  is  clear  from  the  F  atom  emis¬ 
sion  associated  with  the  SF6  discharge,  that  consid¬ 
erable  energy  has  been  provided  to  the  F  atoms.  We 
observe  the  reaction  of  hot  F  atoms  with  bismuth 
vapor. 


4.  The  Birge-Sponer  extrapolation  -  bonding 
parameterization 

Yoo  et  al.  [18]  have  attempted  to  evaluate  the  ac¬ 
curacy  of  the  Birge-Sponer  extrapolation  in  deter¬ 
mining  the  dissociation  energy  of  BiF.  Contrary  to 
the  image  left  by  their  discussion,  we  [16]  did  not 
explore  this  concept  previously.  The  statement  made 
in  the  introduction  of  ref.  [16]  is  based  on  the  dis¬ 
cussion  given  by  Gaydon  [14]  and  later  reiterated  by 
Atkins  [ 26  ] ,  meant  to  note  that  the  Birge-Sponer  ex¬ 
trapolation  can  yield  an  upper  bound  to  the  bond  en¬ 
ergy.  Nevertheless,  the  evaluation  of  the  Birge-Sponer 
extrapolation  for  the  group  15  halides  is  a  noble  un¬ 
dertaking  since  the  dissociation  energies  for  these 
molecules  are  not  well  established  and  are  derived,  at 


least  in  part,  from  these  extrapolations  [  17],  Yoo  et 
al.  [18]  performed  a  linear  least-squares  extrapola¬ 
tion  of  the  last  10  ground  state  vibrational  levels 
(r"  =26.5  to  36.5)  reported  by  Ross  et  al.  [15]  to 
estimate  a  value  for  D0( BiF)  of  4. 1 7  eV.  This  deter¬ 
mined  bond  energy  is  notably  larger  than  the  experi¬ 
mental  value  of  3.76  eV  which  they  found  for  the  dis¬ 
sociation  energy.  The  extrapolation,  using  only  the 
last  1 0  observed  levels  is,  of  course,  arbitrary  and  their 
motivation  for  choosing  these  levels  for  the  extrapo¬ 
lation  is  not  clear.  As  shown  in  table  2.  a  different 
value  for  the  dissociation  erergy  is  obtained  depend¬ 
ing  upon  the  number  and  location  o.'th'  levels  used 
in  the  extrapolation.  Intere>.in£ly,  if  all  36  ground 
state  energy  levels  reported  by  Ross  et  al.  [15]  a-e 
used  for  a  linear  least-squares  treatment,  D0  is  esti¬ 
mated  to  be  3.83  eV,  a  value  which  is  within  experi¬ 
mental  error  of  the  experimentally  determined  dis¬ 
sociation  energy.  However,  as  demonstrated  in  the 
Birge-Sponer  plot  of  fig.  2,  the  vibrational  energies 
are  clearly  non-linear.  Both  the  lower  and  the  higher 
vibrational  levels  lie  above  the  least-square  line  sug¬ 
gesting  that  a  linear  extrapolation  will  underestimate 
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Table  2 


Apparent  values  determined  for  the  dissociation  energy  of  BiF 
by  linear  Birge-Sponer  extrapolation  using  a  subset  of  the  ground 
state  energy  levels  determined  by  Ross  et  al.  [15] 


Levels  used 

Do  (eV) 

0-  5 

3.38 

0-10 

3.45 

0-15 

3.55 

0-20 

3.62 

0-25 

3.69 

0-30 

3.75 

0-36 

3.83 

5-36 

3.85 

10-36 

3.89 

16-36 

3.99 

21-36 

4.06 

26-36 

4.17 

31-36 

4.30 

the  dissociation  energy  determined  on  the  basis  of 
evaluating  the  area  under  the  &GV+ ,  n  versus  v  curve. 
If  only  the  first  five  energy  levels  are  used,  a  typical 
experimental  limitation,  the  value  determined  on  the 
basis  of  linear  extrapolation.  3.38  eV,  is  roughly  10% 
low.  At  least  for  BiF,  extrapolations  for  the  first  few 
levels  underestimate  the  dissociation  energy  while 


extrapolations  from  the  upper  levels,  for  which  the 
second-order  anharmonicity  correction  term  is  be¬ 
ginning  to  become  important,  overestimate  the  dis¬ 
sociation  energy.  If  this  trend  would  hold  in  general, 
it  may  be  possible  to  establish  upper  and  lower  limits 
for  the  dissociation  energy  using  this  approach. 

Yoo  et  al.  [18]  suggest  that  the  dissociation  ener¬ 
gies  obtained  from  linear  Birge-Sponer  plots  can  be 
modified  to  give  excellent  estimates  for  the  dissocia¬ 
tion  energy  by  using  the  corrections  for  ionicity  sug¬ 
gested  by  Hildenbrand  [27,28].  In  this  case,  they 
predict  dissociation  energies  for  the  group  1 5  halides 
in  excellent  agreement  with  the  experimental  values 
using  a  linear  Birge-Sponer  extrapolated  dissocia¬ 
tion  energy  based  upon  only  the  first  few  observed 
ground  state  energy  levels.  While  this  might  be  a  very 
encouraging  result,  ii  is  discomforting  to  note  that  as 
more  levels  are  added,  the  agreement  between  the  ex¬ 
perimental  value  and  the  predicted  value  becomes 
worse.  A  better  strategy  here  might  be  to  use  the  well 
known  relationship  between  the  harmonic  vibra¬ 
tional  frequency  and  the  first  anharmonicity  con¬ 
stant  [29,30]  for  the  Morse  potential 

De  «  a)*/4a)'Xt 


Fig.  2.  Comparison  of  observed  vibrational  spacings  for  the  v"  =0 
Birge-Sponer  extrapolation  using  the  entire  manifold  of  known 
linearity  can  readily  be  seen.  See  text  for  discussion. 


.5-36.5  levels  of  the  ground  X0*  state  of  BiF  with  a  linear  least-squares 
ground  state  energy  levels.  The  deviation  of  the  observed  data  from 
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to  estimate  the  uncorrccted  dissociation  energy  in  the 
Hildenbrand  equations.  These  corrections  would  then 
be  independent  of  the  number  of  levels  used  and  the 
corrections  could  be  related  to  modifications  in  the 
potential  well  due  to  ionicity.  Investigations  into  the 
reliability  of  this  approach  arc  in  progress. 

It  should  be  possible  to  accurately  determine  the 
dissociation  energy  trom  extended  spectroscopic  data 
such  as  that  available  for  BiF.  The  data  of  Ross  et  al. 
[15]  can  be  fit  to  a  pow'er  series  to  evaluate  the  spec¬ 
troscopic  constants.  These  constants  can  then  be  used 
to  calculate  all  of  the  vibrational  spacings  below  the 
dissociation  limit.  The  dissociation  energy  was  eval¬ 
uated  by  summing  over  all  vibrational  spacings  [  30  ] . 

Do  =  X  |  /2  . 

r 

with 

AGi -t-i/2  =coc-  2 ajeX'(  r+  1 )  +  a>e  re(3t,:  +  6r+  x )  . 

Although  very  good  data  exist  for  ground  state  levels 
up  to  t'=36.  the  constants  derived  from  non-linear 
analysis  do  not  give  AGl  +  l/2  values  that  converge  to 
zero  for  fits  up  to  sixth  order.  Since  higher-order  fits 
are  not  experimentally  justified,  further  evaluation 
has  been  limited  to  a  second-order  analysis.  The  con¬ 
stants  derived  for  a  second-order  fit  are  given  in  table 
3.  Vibrational  spacings  calculated  using  these  con¬ 
stants  reach  a  minimum  near  v  =  1 20.  If  a  small  third- 
order  correction  term  is  added  to  make  AG,.+  l/i  =  0 
at  /  =  120.  the  dissociation  energy  calculated  for  BiF 
by  summing  over  the  vibrational  energies  is  3.8  eV;  a 
value  agreement  to  within  experimental  error  of  the 
measured  value.  Although  there  is  some  uncertainly 
in  the  parameterization,  it  is  likely  that  this  proce¬ 
dure  will  provide  good  estimates  for  the  vibrational 
energy  if  enough  vibrational  levels  are  known  so  as  to 

Table  3 


Molecular  constants  determined  by  fitting  the  energy  levels  of 
Ross  et  al.  [15]  to  the  equation  e=a+bv+ai+dii,  where 
a=co,- 2wrxt  +  ^0x^,4-....  6  =  -2ovc,  +  6<jtv«  +  ...,  c=3ay.+... 


Constant 

Value  determined 

Lit.  Value 

wt 

513.33 

512.81  cm-' 

“VX, 

2.424 

2.35cm-' 

ai«y. 

6.248x10-' 

-  cm~ 1 

d 

IXlO'4 

-cm-1 

Da 

3.8 

3.76  eV 

provide  a  reasonable  estimate  for  the  anharmoniem 
constants. 
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ABSTRACT 

Oven  based  entrainment  flow  and  supersonic  expansion  techniques  are 
used  to  form  small  metal  and  metalloid  molecules  and  to  study  their 
unusual  oxidation  behavior.  These  metal  and  metalloid  molecules  oxidize 
to  form  not  only  a  distinct  class  of  metal  atom  grouped  cluster  oxides 
and  halides  under  kinetically  as  opposed  to  thermodynamically  controlled 
conditions  but  also  unusual  (unexpected)  excited  electronic  state  product 
distributions.  We  exemplify  this  behavior  by  considering  the  optical 
signatures  associated  with  the  formation  of  the  asymmetric  silver  and 
copper  clustered  oxides  from  the  silver  and  copper  cluster  oxidation 
reactions.  We  also  contrast  the  emission  spectra  generated  for  the 
asymmetric  and  symmetric  isomers  of  CujO,  comparing  these  with  theory. 

A  subset  of  the  oxidation  studies  touches  on  the  sodium  trimer  -  halogen 
atom  reactions,  (Na3  -  X(Cl,Br,I)),  which  create  a  continuous  electronic 
population  inversion  based  on  the  chemical  pumping  of  Na2  with  laser 
amplification  throughout  the  visible  and  into  the  ultraviolet.  The  study 
of  highly  exothermic  oxidation  processes  also  yields  interesting  surpris¬ 
es  concerning  even  the  diatomic  metal  halides.  This  is  exemplified  by 
comparing  the  Bix  +  F2  and  Bix  +  F  chemiluminescent  reactions,  extracting 
parameters  for  several  new  low-lying  excited  electronic  states  and 
obtaining  an  estimate  of  the  BiF  bond  dissociation  energy  notably  higher 
than  that  previously  recommended  in  the  literature. 


INTRODUCTION 


As  the  papers  in  this  symposium  volume  clearly  indicate,  gas  phase 
metal  reactions  have  long  played  an  important  role  in  a  wide  diversity  of 
processes.*-  However,  despite  their  importance  and  the  creative  effort 
which  has  been  expended  in  their  study, much  remains  to  be  learned 
about  even  the  simplest  highly  exothermic  oxidation  processes  involving 
metal  or  metalloid  species,  the  factors  which  control  product  branching 
in  the  reactive  process,  and  the  molecular  electronic  structure  of  the 
sometimes  unique  products  of  reaction.  In  this  chapter,  we  outline 
recent  progress  in  our  laboratory  to  characterize  the  oxidation  of  small 
metal  and  metalloid  molecules,  a  research  effort  which  is  beginning  to 
yield  several  interesting  surprises  related  to  reactive  branching  and 
product  molecular  electronic  structure.  These  studies  also  bear 
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correlation  with  the  ongoing  research  in  the  laboratories  of  John  Parson 
Nadir  Sadeghi,  John  Dyke,  Scott  Anderson,  Nancy  Garland  and  Peter 
Armentrout  considered  in  other  chapters  of  this  volume. 

Our  emphasis  will  be  on  oxidation  phenomena  associated  with  metal 
and  metalloid  clusters  which  correspond  primarily  to  small  polyatomic 
molecules.  However,  in  approaching  this  regime,  we  also  find  interesting 
surprises  associated  with  metal  atom  and  dimer  reactions  and  the  bonding 
in  diatomic  molecules  which  are  the  products  of  the  oxidation  process. 

In  particular,  the  halides  of  the  Group  15  elements  are  intriguing  and 
rather  sparsely  studied.  As  we  extend  the  study  of  the  reactivity  of 
metal  atoms  and  dimers  to  small  clusters,  we  are  afforded  an  opportunity 
to  graphically  demonstrate  a  dramatic  and  sometimes  unexpected  oxidation 
behavior  whose  study  may  provide  new  insights  on  the  nature  of  chemical 
reactivity  as  well  as  influencing  models  of  molecular  electronic 
structure . 

It  is  well  recognized  that  most  heterogeneous  conversion  processes 
require  intimate  interaction  with  the  surface  of  a  condensed  phase.  The 
widespread  applicability  of  these  processes  in  a  variety  of  practical 
applications  encompassing  metal  combustion,  chemical  vapor  deposition, 
plasma  etching,  and  general  industrial  catalysis  has  fueled  a  significant 
theoretical  and  experimental  research  effort  to  understand  the  intimate 
interactions  associated  with  surface  participation  and  reactivity.  An 
increasingly  popular  and  potentially  enlightening  component  of  this 
effort  now  involves  the  modeling  of  a  small  group  of  interacting  atoms 
(cluster)  on  the  surface.  Within  this  framework  the  detailed  study  of 
small  clusters  and  their  oxidation  to  produce  metal  clustered  oxides  can 
provide  needed  insights  relevant  to  the  incorporation  of  local  inter- 
actions  into  modeling  at  much  larger  scales. 

In  effect,  studies  of  gas  phase  metal  cluster  oxidation  afford  the 
opportunity  to  characterize  the  intermediate  region  bordered  on  the  one 
side  by  the  gas  phase  oxidation  of  metallic  atoms  and  dimers  and  on  the 
other  by  the  surface  oxidation  of  the  bulk  metallic  phase.  It  has  been 
suggested  that  these  studies  may  provide  information  useful  for  the 
assessment  of  short  and  long  range  factors  affecting  surface  oxidation.4 
With  an  emphasis  on  their  unique  nature  as  well  as  the  potential  which 
their  study  offers  for  both  theoretical  and  experimental  extrapolation  to 
much  larger  scales  appropriate  to  describing  bulk  properties,  several 
elegant  technologies  are  emerging  to  study  clusters  and  their  compounds. 
However,  despite  many  impressive  approaches,  the  internal  mode  structure 
and  dynamics  associated  not  only  with  the  metal  clusters  themselves5  but 
also  with  the  products  of  their  kinetically  controlled  oxidation  has  been 
largely  neglected. 

The  limited  information  which  is  available6'8  demonstrates  that 
metal  clusters  undergo  a  unique  and,  in  many  instances,  totally  unex¬ 
pected  reactive  branching.*  The  study  of  this  reactive  branching  is 
fundamental  to  the  development  of  rules  required  to  extrapolate  from 
simple  A  +  BC  reactions.  Further,  the  analysis  of  the  quantum  level 
structure  of  product  metal  cluster  oxides  and  halides  formed  in  highly 
exothermic  oxidation  processes  provides  detailed  and  fundamental  in¬ 
formation  on  molecular  structure  and  bonding.6'9  In  correlation  with 
molecular  dynamics  simulations  and  quantum  chemistry  this  data  can  serve 
as  a  touchstone  for  the  development  of  a  reasonable  framework  to  describe 
(1)  highly  exothermic  combustion  processes  or  (2)  local  cooperative 
atomic  phenomena  and  mobilities,  the  fingerprint  of  which  can  be  useful 
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in  modeling  the  interface  at  metal  cluster  oxide  surfaces  where,  for 
example,  catalytic  behavior  is  most  likely  influenced. 

We  have  been  concerned  with  the  study  of  the  oxidation  dynamics 
which  a  number  of  metal  (and  metalloid)  clusters  undergo  as  they  form  a 
distinct  class  of  metal  atom  grouped  cluster  oxides6  and  halides7  under 
kinetically  as  opposed  to  thermodynamically  controlled  conditions.  An 
effort  has  also  begun  to  characterize  the  internal  mode  structure  of  the 
product  metal  clustered  oxides  and  halides.  In  developing  these  studies, 
we  have  analyzed  the  first  vibrationally  resolved  optical  signatures  for 
several  "asymmetric"  metal  cluster  oxides.6  We  have  also  demonstrated 
the  first  visible  chemical  laser  amplifier  from  a  metal  cluster  oxidation 
process.  The  information  already  obtained  graphically  demonstrates  the 
dramatic  and  unexpected  oxidation  behavior  characteristic  of  small  metal 
cluster  reactions. 

In  the  first  part  of  our  discussion,  we  consider  recent  results 
obtained  in  the  study  of  the  interaction  of  bismuth  vapor  with  molecular 
and  atomic  fluorine10  and  the  need  for  further  extensive  studies  of  the 
bond  energies  and  molecular  electronic  structure  of  the  halides  of  the 
Group  15  elements.  We  will  then  emphasize  the  unique  nature  of  metal 
cluster  oxidations  as  we  outline  the  development  of  continuous  visible 
chemical  laser  amplifiers  from  a  metal  cluster  oxidation  reaction.  We 
then  outline  a  portion  of  the  information  garnered  thusfar  on  the  quantum 
levels  of  metal  cluster  oxide  and  fluoride  compounds,  Mx0  and  . 

These  studies  not  only  outline  the  potential  use  of  chemiluminescence  as 
a  means  of  characterizing  metal  cluster  oxide  quantum  levels,  but  also 
they  suggest  future  laser  induced  fluorescent  probes  of  the  metal  cluster 
oxides. 

NATURE  OF  METAL  AND  METALLOID  MOLECULE  SOURCES 

In  the  present  discussion,  we  will  not  summarize  the  experimental 
techniques  for  generating  large  concentrations  of  small  metal  clusters  in 
a  highly  exothermic  oxidizing  environment.  The  devices  we  have  used  and 
are  continuing  to  develop  are  well  outlined  elsewhere.11 

Briefly,  the  products  of  metal  cluster  oxidation  may  be  studied 
using  a  combination  of  chemiluminescent  (product  formation  in  excited 
electronic  states  for  highly  exothermic  oxidation)  and  laser  fluorescent 
techniques.  In  these  applications  one  must  be  cognizant  that  observa¬ 
tions  of  the  internal  mode  structure,  associated  especially  with  the 
polyatomic  products  of  metal  cluster  oxidation,  may  be  plagued  by  the 
rapid  depletion  of  excited  state  populations  due  to  non-radiative  pro¬ 
cesses.  These  processes  can  dominate  and  deplete  the  product  constitu¬ 
ency  either  before  the  emission  of  a  monitoring  photon  (chemiluminesc¬ 
ence)17  can  occur  or  before  an  appropriate  laser  spectroscopic  probe  can 
be  made  operative.10  In  order  to  overcome  this  difficulty,  we  require 
the  development  of  intense  metal  cluster  sources  which  offer  a  viable 
means  to  compensate  for  the  dominant  quenching  of  the  optical  signatures 
associated  with  the  polyatomic  emitters  of  interest. 

Quantum  level  probes  of  the  products  of  metal  cluster  oxidation  are 
being  developed  with  a  current  emphasis  on  two  distinct  source  configu¬ 
rations.  In  one  configuration  a  stream  of  metal  clusters  formed  through 
the  "supersonic  expansion"  of  the  metallic  element  of  interest  is  made  to 
intersect  a  selected  oxidant  (modified  beam-gas  configuration),  the  pro¬ 
ducts  of  reaction  being  studied  using  a  combination  of  chemiluminescent 
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yields  an  upper  bound  to  the  dissociation  energies20  for  polar  and  ionic 
molecules,  however,  the  arguments  presented  by  these  authors  bear 

consideration.  .  , 

Clearly,  a  substantial  discrepancy  and  considerable  controversy 

exists  over  the  BiF  bond  energy.  The  value  reported  by  Ross  et  al. 
suggests,  counter  to  earlier  studies,  the  possible  population  of  BiF 
excited  states  emitting  in  the  visible  and  ultraviolet  regions  in  a 
single  collision  chemiluminescent  Bi-F2  reactive  encounter.  The 
reaction  between  bismuth  vapor  and  fluorine  has  proven  to  be  an  effective 
means  for  producing  the  excited  states  of  BiF.  *  In  addition, 
investigations  of  similar  systems24  have  shown  that  a  careful  analysis 
of  reaction  energetics  can  provide  an  accurate  determination  of  the 
product  molecule  dissociation  energy.  However,  in  the  bismuth-fluorine 
system,  the  problem  is  more  complex.  In  order  to  assess  several  aspects 
of  those  questions  associated  with  the  dissociation  energy  and  low-lying 
states  of  BiF,  the  reactions  between  bismuth  vapor  and  both  molecular  an 
atomic  fluorine  were  investigated  to  determine  if  more  could  be  learned 
about  the  molecular  electronic  structure  of  the  BiF  molecule.  These 
efforts  were  designed  to  combine  data  obtained  in  the  study  of  the  two 
potentially  chemiluminescent  reactive  encounters 


and 


Bi  +  F2  ■*  BiF*  +  F 
Bio  +  F  ■»  BiF*  +  Bi 


(1) 

(2) 


"The  Ch«i luminescent  Emission  from  the  Bismth  Vapor  -  ?2  Reaction 
Low-Lying  States  of  BiF" 

We  have  studied  the  chemiluminescent  reaction  of  helium  entrained 
bismuth  vapor  and  molecular  fluorine  at  pressures  approaching  10  Pa  and 
over  the  substantially  higher  pressure  range  between  66  and  333  Pa. 

The  spectrum  observed  when  a  moderate  flux  of  helium  entrained  bismuth 
vapor  reacts  with  Fo  under  multiple  collision  conditions  is  depicted  in 
Figure  1.  At  least  three  distinct  band  systems  are  readily  identified. 
The  strong  feature  near  450  nm  corresponds  to  the  AO  (II)  -  XO  transi 
tion  of  BiF.26’27  The  band  near  380  nm  corresponds  to  the  origin 
sequence  for  the  BO+  -  X0+  transition.28*20  The  "red"  systems  observed 
from  565  to  740  nm  contain  numerous  bands,  some  of  which  have  been 
assigned  by  previous  investigators28*30'32  and  a  number  which  had  not 
previously  been  reported  nor  analyzed  before  a  recent  study  in  our 

lab^  doseup  of  the  red  region  reveals  (Fig.  2)  certain  emission 
features,  dominant  especially  at  higher  pressures,  where  the  A  -  X 
emission  features  associated  with  higher  vibrational  levels  of  the  BiF  A 
state  are  quenched.  The  features  near  450  nm  can  be  readily  assigned  to 
transitions  from  v’  <  4,  A0+(II)10.  Their  relative  intensities  suggest 
that  these  A0+  levels  might  be  characterized  reasonably  by  a  nearly 
Boltzmann  population  distribution  with  an  effective  vibrational  tempera¬ 
ture  approximating  700  K;10  however,  weak  emission  from  several  higher 
lying  levels  of  the  A0+(II>  state  (v"  >  15)  extends  to  considerably 
longer  wavelength.  The  emission  from  these  higher  vibrational  levels  is 
the  subject  of  further  study  in  other  laboratories. 
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r lgure  i : 


^nemi luminescent  emission  spectra  resulting  from  the  reaction 
between  helium  entrained  bismuth  vapor  and  F2  under  multiple 
collision  conditions.  The  bands  labeled  A  (first  order)  In d 

binds  *  identify  the  A0 V  X0+  transition,  the 

the  L  d  ^  ^°^reSP°nd  to  the  B°+  "  X0+  transition  and 
bands  label*d  R  correspond  to  the  "red  system"  bands 
considered  in  the  text.  Spectral  Resolution  is  1  nm 


The  bands  observed  in  the  red  region  between  565  and  740  nm  were 
found ^ to  change  markedly  with  pressure  (primarily  helium)  in  the  reaction 
zone.  The  analysis  of  this  pressure  dependence  over  a  substantial 


range  provides  evidence  for  two  distinct  electronic  transitions  of  BiF, 
at  least  one  of  which  is  thought  to  terminate  in  the  BiF  "1"  (X21)  state 
arising  from  the  (o^  rr*  x  z)  configuration  of  BiF.  Here  the  BiF 
ground  state  corresponds  to  the  X0+  component  of  the  3S'  configuration 
and  the  "1"  state  arising  from  this  configuration  lies  -v  6800  cm'1  higher 
in  energy.  0 


The  observed  transitions  in  the  red  region  with  veo  t,  17631  cm'1  and 
voo  x  15244  cm'  exhibit  pronounced  upper  state  vibrational  relaxation 
and  are  characterized,  especially  at  the  highest  pressures,  by  a  domin¬ 
ance  of  progressions  eminating  in  v’  -  0  and  terminating  in  several  v" 
lower  state  levels  (Table  I).  The  higher  energy  transition  with 
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Figure  2:  Chemiluminescent  emission  spectrum  resulting  from  the  reaction 
between  helium  entrained  Bi  vapor  and  F2  under  multiple 
collision  conditions.  The  spectrum  of  the  BiF  "red  system" 
bands  is  readily  observed  at  250  Pa  pressure.  The  two 
progressions  which  increase  relative  to  other  features  are 
marked  A'  and  A"  in  the  figure.  Also  noted  are  features 
marked  with  open  circles  (o)  to  indicate  bands  which  have  been 
determined  to  arise  from  the  A0+  -  X0+  transition  and  features 
associated  with  A’,  v'  =1  levels.  The  stars  indicate 
features  which  probably  correspond  to  v'  >  1  extrapolations 
of  the  A  -X21  and  A"-X21  systems.  In  the  lower  portion  of  the 
figure  we  indicate  the  locations  of  three  weak  features  which 
appear  to  correlate  with  the  expected  location  of  "weak"  A0+ 
(II)  -  X21  transitions  from  the  v'  =  0  level  of  A0+(II)  to  v" 

*  0,1,2  for  X21.  These  features  may  also  correlate  with  A'  - 
X21,  v'  =  3  transitions.  Spectral  resolution  is  0.2  nm. 


voo  n,  17631 

»»  Jll 


cm  is  believed  to  terminate  in  the  recently  observed  BiF 

fF.St!f  rJJV-o  “I  (X2l-Xl0+).26  The  upper  stat0j  denoted  A, 

(Fig.  2)  with  T0  %  24400  cm  ,  is  believed  also  to  be  a  "1"  state  based 
on  limited  high  resolution  data  for  at  least  two  bands  of  the  system. 

The  correlation  made  here  is  in  close  accord  with  recent  quantum  chemical 
n'  Which  su6Best  that  the  "1"  state  lies  -v-  7200  cm'1  above  v" 

-  0,  XO  .  The  levels  of  the  A'  upper  state  appear  to  correlate  precisely 
with  several  B0+  perturber  state  levels.  This  A'  perturber  state. 
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Table  I 

Observed  Band  Heads  and  Assignments  for  the  "red  system"  Bands  of  BiF 
At  Pressures  in  Excess  of  250  Pa 

A'"l"  -  X21 


Bandhead  location  (cm"1)' 

J  Intensity 

Assignment 

( cm* 1 ' 

17631  ±  10 

(0.07) 

(0,0) 

542 

17089  ±  10 

(0.20) 

(0,1) 

533 

16556  ±  10 

(0.33) 

(0,2) 

526 

16030  t  10 

(0.25) 

(0,3) 

519 

15511  ±  10 

(0.13) 

(0,4) 

511 

15000  1  10 

(0.09) 

(0,5) 

(500) 

14500  t  10 

[(0.08)] 

(0,6) 

a.  For  an  origin  band  at 
2. 5( v"+l/2) . 2 

17631  cm'1  =  17902 

-  543  (v"+l/2)  + 

A"  -  X21 

Bandhead  location  (cm"1)11 

Intensity 

Assignment 

(cm'1! 

15784  ±  10 

(0.06) 

(0,0) 

540 

15244  +  10 

(0.19) 

(0,1) 

534 

14710  t  10 

(0.35) 

(0,2) 

526 

14184  +  10 

(0.27) 

(0,3) 

518 

13666  i  10 

(0.19) 

(0,4) 

b.  For  an  origin  band  at 

2 . 5( v"+l/2) . 2 

15784  cm'1  =  16055 

-  543(v"+l/2)  + 

thought  to  lie  less  than  2000  cm'1  above  the  A0+(II)  state  (Table  II 
ig.  3),  may  play  an  important  role  with  respect  to  energy  disposal  <Lnong 

v  *  15244  o^S7fi2  C-f  molecule-  A  second  set  of  transitions  with 
voo  ^  15244  or  15784  cm  also  appears  to  terminate  in  the  "1"  state10 
suggesting  a  second  upper  state,  denoted  A"  with  Tn%  22012  or  22552  cm'1- 

^InatUyf1SOerhiC  ?UhnA°  (II)’  Alternatively,  if  the  second  transition 
emanates  from  the  v  -  0  upper  state  level  at  T  x  24400  cm'1  it  mieht 
terminate  in  a  lower  state  with  Tc  -v  8615  cm'1.?0  While  this  latter 
possibility  cannot  be  eliminated  without  a  high  resolution  analysis,  as 
discussed  elsewhere , 10  we  favor  the  former  assignment.  Searches  were 
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Table  II 


Observed  states 

and  molecular 

constants  for 

BiF. 

State 

Te(cm'1) 

ue(cm"1) 

WeXe^®"1) 

Be(cm'1) 

X0+  a 

0 

512.81 

2.35 

0.22998 

x2ib 

6753 

543.0 

2.40 

0.23512 

A0+(II)a 

22957 

383.8 

3.5 

0.20913 

A"c 

22552 

— 

-- 

— 

A.c,d 

24400 

"397" 

"3.1" 

0.210 

B0+  a 

26001 

626.8 

6.6 

0.2309 

aLiterature  data  from  Ref.  19. 


bounded  values  from  Ref.  26.  Data  obtained  in  present  study  is 
consistent  with  vQ0  =  6768  cm'1,  <oe  %  543  cm*1,^,,  ^  2.5  cm'1. 

cTq  this  work. 

^e  =  24399  +  (397/2)  -  (3.1/4)  -  (512.8/2)  +  (2.35/4)  -v  24341  cm'1. 


also  made  for  the  allowed  A0+  -  X21  and  A'  -  XiO*  transitions  as  well  as 


features  associated  with  the  A"  - 


X^ 


band  system.  The  A0+  -  X,0+ 


be 

by 


transition,  from  which  some  emission  features  involving  v'  =  0,  AC*, 
may  have  been  observed  (Fig.  2)  appears  to  be  weak  (small  transition 
moment).  Features  associated  with  an  A”  -  X10+  transition  could  not 
clearly  identified  as  they  encompass  the  wavelength  region  dominated 
intense  AO  -  XjO  emission.  These  features  might  be  observed  by  a 
lifetime  separated  technique.  A  definitive  search  for  the  v'  =  0,  v"  = 
0,1,2,  A'  -  XjO  transitions,  which  again  are  weak,  is  still  ongoing  in 
our  laboratory.  As  with  the  A"  -  XxO*  system,  transitions  to  the  v"  =  3 
or  higher  levels  of  the  X^  state  will  underlie  the  intense  A0+  -  X,0+ 
system.  A  summary  of  the  BiF  states  and  energy  level  patterns  is  given 
in  Table  II  and  Figure  3. 


"Energetics  of  the  Bismuth-Fluorine  System" 


The  vapor  in  equilibrium  with  molten  bismuth  contains  nearly  equal 
concentrations  of  bismuth  atoms  and  dimers.33  The  constituents  of  the 
bismuth  vapor  flux  and  F2  react  under  near  single  collision  conditions 
and  at  higher  pressures  in  dilute  helium  to  produce  intense  emission 
from  the  A0+(II)  state.  The  population  of  the  A  state  through  the 
reaction  of  Bi  atoms 

Bi  +  F2  -»  BiF*  +  F 

with 

6E  -v  D0°(BiF)  -  Dq°(F2) 


(1) 

(3) 
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Figure  3: 


Approxi'na'e  energy  level  diagram  for  the  electronic  states  of 
the  BiF  molecule.  The  notation  x,y,z,p  is  that  for  perturber 
levels  identified  in  reference  19  and  discussed  in  more  detail 
in  reference  10. 


rhe  dlssociation  energy  be  of  order  4.45  eV  to  populate 

the  observed  A°  ( H )  levels.  However,  we  must  also  consider  that  ^  50X 
of  the  bismuth  beam  constituency  is  bismuth  dimer  and  focus  on  the  poss¬ 
ible  four  center  reaction  of  bismuth  dimer  and  molecular  fluorine  viz. 

Bi2  +  F2  -*  BiF*  +  BiF  (4) 

which  liberates  considerably  more  energy  with^® 

4E  “v  2  D0°(BiF)  -  D0°(Bi2)  -  D0°(F2)  .  (5) 

The  reaction  (4)  has  the  potential  to  distribute  %2.95  eV  of  excess 
energy  to  the  reaction  products  provided  that  the  BiF  bond  energy  is  3.20 

'  Jf^Un°v  hlS  enerf5y  is  Partiti°ned  into  electronic  excitation  of 
one  of  the  BiF  products,  the  A0+(II)  state  may  be  populated.  The  Bi, 
molecule  vaporizing  from  its  source  (crucible)  may  possess  a  significant 
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vibrational  excitation,  as  even  more  energy  can  be  made  available  to  the 
reaction  (4).  Thus,  this  reaction  might  lead  to  the  observed  chemilumin¬ 
escence.  If  the  BiF  dissociation  energy  is  substantially  above  3.25  eV., 
the  reaction  (4)  can  pool  sufficient  energy  to  populate  the  B0+  state  and 
high  vibrational  levels  of  the  AO+(II)  state.  Thus,  it  is  difficult  to 
readily  ascribe  the  source  of  the  observed  chemiluminescent  emission  and 
to  establish  the  dissociation  energy  of  BiF  using  only  the  bismuth  vapor 
-  fluorine  molecule  combination. 

In  order  to  provide  some  clarification  of  the  BiF  bond  energy,  we 
therefore  considered  means  to  characterize  the  bismuth  dimer-fluorine 
atom  reaction 


Bi2  +  F  -*  BiF  +  Bi  (6) 

This  reaction  liberates  from  -v  1.05  to  3.05  eV  for  a  BiF  bond  energy 
ranging  from  3.0  to  5.0  eV.  If  the  reaction  (2)  produces  a  substantial 
A-X  emission  signal,  this  provides  a  strong  indication  that  the  BiF  bond 
energy  considerably  exceeds  3  eV. 

An  electric  discharge  through  SFg  was  used  to  generate  fluorine 
atoms  in  order  to  study  the  Bi2-F  reaction.  In  addition,  we  are 
currently  using  this  source  to  study  the  product  excited  state  metal 
fluoride  emitters,  formed  in  the  reaction  of  copper,  silver,  and  magne¬ 
sium  atoms  and  molecules.  For  the  range  of  studies  considered,  we  have 
deduced  that  the  chemiluminescent  emission  products  of  the  SF^  based 
discharge  emanate  primarily  from  F  atom  reactions  where  the  F  atoms  may 
possess  significant  translational  energy.  CuF  chemiluminescence  from 
both  copper  dimer  (Cu2)-F  atom  and  metastable  copper  atom  (^D)  -  SFg 
reactions  has  been  observed.  However,  little  or  no  evidence  is  obtained 
for  the  similarly  exothermic  reaction  of  ground  state  Cu  2S  or  the 
considerably  more  energetic  metastable  Cu  2D  reaction  with  the  weaker 
SF^-F  bond  to  produce  CuF  excited  state  emitters.  If  we  consider  the 
bismuth  vapor  constituency,  the  reaction  of  ground  state  bismuth  atoms 
with  either  SF5  molecules  produced  in  the  discharge  or  the  parent  SF6  is 
not  sufficiently  exothermic  to  yield  chemiluminescence. The  collision- 
ally  stabilized  bismuth  atom  -  fluorine  atom  three  body  radiative  assoc¬ 
iation  can  produce  visible  chemiluminescence  if  the  BiF  bond  energy 
exceeds  2.85  eV.  However  the  emission  is  expected  to  be  comparatively 
weak.-*  The  reaction  (2)  should  produce  strong  A-X  emission  if  the  BiF 
bond  energy  exceeds  4.9  eV  or  if  additional  energy  contributions  from 
vibrationally  excited  bismuth  dimers  or  translationally  hot  F  atoms  are 
available . 

To  produce  the  relaxed  BiF  spectra  depicted  in  Figs.  1-4,  the 
majority  of  the  experiments  considered  herein  have  been  carried  out  under 
multiple  collision  conditions  (compare  to  Fig.  3  of  Parson  et  al.  in  this 
volume).  This  is,  however,  a  dilute  gas  environment  as  the  total  pres¬ 
sure  is  due  primarily  to  an  entraining  (metal  or  metalloid)  helium  gas. 
This  environment  will  facilitate  relaxation  but;  in  general,  does  not 
promote  energy  pooling  reactions^' **  which  lead  to  a  significant  increase 
in  product  excitation  over  that  which  would  be  observed  under  single 
collision  conditions.  Nevertheless,  the  reactant  concentrations  used  in 
this  experiment  are  considerably  in  excess  of  those  characterizing  a 
beam-gas  environment,  and  we  should  consider  two  energy  pooling 
processes. 

A  sequential  mechanism  that  might  yield  chemiluminescence  under 
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multiple  collision  conditions  is 

Bi2  +  F  -*  Bi*  (2D)  +  BiF 
Bi1*  (2D)  +  SF5  -  BiF*  +  SFA 


(7) 

(8) 


whicli,  based  on  an  SF4  -  F  bond  strength  of  2.3  eV,35  could  be  suffici- 
nossVvr V°  P°Pu3ate  the  BiF  B0+  state.  In  cqnsidering  this 

•  ~  **v.  f0[  the  ,ton„  B1s  (2d) 


ion , 


WAVELENGTH  (ANGSTROMS) 

Figure  4:  Comparison  of  chemiluminescent  emission  spectra  resulting  from 
the  reactions  between  helium  entrained  bismuth  vapor  and 
atomic  and  molecular  fluorine  under  multiple  collision  con- 
ditions.  (a)  The  BiF  A0+(II)  -  Xl0+  spectrum  resulting  from 
the  Bi2  -  F  (generated  via  electric  discharge  through  SFfi) 
reaction  taken  at  a  background  pressure  of  200  Pa  (primarily 
helium).  (b)  The  BiF  A0*(II)  -  XlO+  spectrum  resulting  from 
the  interaction  of  bismuth  vapor  and  molecular  fluorine 
obtained  at  a  background  pressure  of  200  Pa  (primarily 
helium).  Only  sequence  groupings  are  indicated  in  the  figure 
Band  heads  are  denoted  (v\v")  where  v'  denotes  the  vibra¬ 
tional  quantum  number  of  the  upper  state  and  v"  denotes  the 
lower  state  vibrational  quantum  number.  Resolution  for 
spectrum  (a)  is  lnm  and  that  for  spectrum  (b)  is  0.8  nm. 
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D  state.  It  has  been  possible  to  observe  this  J  =  3/2  emission  when 
discharging  through  the  bismuth  vapor  constituency  used  in  these  experi¬ 
ments.  Further,  as  we  have  noted,  we  find  little  or  no  evidence  for  SF5 
based  chemiluminescent  reactions  in  the  other  systems  we  have  studied. 
While  the  bismuth  dimer  concentrations  are  certainly  higher  than  those 
obtained  in  our  copper  based  oxidation  studies,  the  copper  metastable 
concentrations  parallel  those  expected  from  a  combination  of  reactions 

(7)  and  (8).  Therefore  a  dominant  contribution  from  reactions  (7)  and 

(8)  is  difficult  to  rationalize. 

One  might  also  consider  the  energy  pooling  reactions  of  highly 
vibrationally  excited  ground  state  BiF  products.  While  further  studies 
will  be  needed  to  unequivocally  rule  out  this  possibility,  the  bulk  of 
information  obtained  using  the  discharge  configuration  and  comparisons 
with  results  obtained  for  the  Bix  +  F2  reactions  would  suggest  little 
evidence  for  this  process  as  the  source  of  the  BiF  AO+(II)  -  X0+  emission 
depicted  in  Figure  4. 

We  attribute  the  BiF  AO"*"(II)  -  XO"*"  emission  spectrum  in  Fig.  4  to 
the  Bi2  +  F  reaction  (2).  This  spectrum  demonstrates  that  the  BiT  +  F 
reaction  (2)  is  sufficiently  exothermic  to  produce  the  BiF  AO+(Ilt  state 
with  v'  =  1-4.  The  observed  spectrum  for  the  A-X  transition  taken  at  a 
resolution  of  i  nit  can  be  compared  to  that  for  the  Bix  +  F2  system  taken 
at  a  resolution  of  0.8  nm.  The  A-X  spectrum  associated  with  the  "Bi2  + 

F"  reactive  process  displays  a  lower  rotational  excitation  for  the  A-X 
features.  Further,  the  "red  system"  bands  of  Table  II  appear 
considerably  weaker  if  not  completely  absent. 

While  the  observation  of  a  strong  BiF  A0+(II)  -  X  chemiluminescence 
associated  with  the  Bi2  +  F  reaction  can  imply  that  the  BiF  bond  energy 
exceeds  4.9  eV,10  we  must  also  consider  the  internal  energy  associated 
with  the  reacting  Bi2  molecule  and  the  relative  translational  energy  of 
reactant  interaction.  We  suggest  that  the  F  atoms  produced  in  the  dis¬ 
charge  may  have  energies  in  excess  of  0.5  eV.  Therefore,  the  results 
obtained  imply  a  bond  energy  close  to  4.2  ±  0.2  eV.  Further  studies  are 
in  progress  to  refine  this  value. 

The  lower  values  of  the  BiF  dissociation  energy  considered  prev¬ 
iously  do  not  exceed  3.14  eV.  However,  these  initial  estimates  of  the 
bond  energy  were  based  on  very  limited  Birge-Sponer  extrapolations20  and 
fits  to  ionic  models.  1  It  is  somewhat  disconcerting  that  a  simple  ionic 
model  calculation  based  on  the  known  ground  state  bond  distance  of  BiF10 
gives  Dfi  *  3.05  eV.  The  value  of  3.14  eV  suggested  by  Jones  and  McLean*^ 
is  based  on  the  observation  of  features  associated  with  the  A0+(II) 
state  that  might  signal  the  onset  of  predissociation.  Yet,  no  direct 
evidence  for  a  predissociation  has  been  obtained.  The  value  of  the  BiF 
dissociation  energy  which  we  determine,  even  with  further  refinements, 
suggests  that  a  bond  energy  in  the  3  eV  range  is  highly  unlikely.  We 
thus  conclude  that  the  BiF  bond  energy  should  be  revised  to  a  value 
exceeding  4  eV. 

"Group  15  Halide  Bond  Energies" 

The  results  we  have  obtained  for  the  BiF  molecule  certainly  indi¬ 
cate,  as  suggested  by  Ross  et  al.*7  that  the  bond  energy  of  this 
fluoride  is  significantly  greater  than  previously  envisioned.  However, 
this  study  also  focuses  attention  on  the  paucity  of  information  con- 
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cerning  the  dissociation  energies  of  the  Group  15  halides,  PX  - 
BiX.ZUlJ°'  y  The  situation  is  outlined  in  Table  III. 

It  is  striking  that  virtually  no  information  on  bond  strength  is 
available  on  the  arsenic  halides.  The  value  quoted  for  the  AsF  bond 
strength  is  based  on  a  theoretical  calculation38  supported  by  limited 
experimental  data.  The  situation  for  the  phosphorous  halides  is  not 
much  improved,  the  data  for  PF  being  based  in  large  part  on  a  linear 
Birge-Sponer  extrapolation  showing  slight  positive  curvature.  The 
antimony  halides  SbBr,39  SbCl,40  and  SbF,A1>$2  especially  the  fluoride, 
are  particularly  intriguing.  They  demonstrate  a  clear  trend,  albeit  with 
large  energy  spread,  which  would  suggest  that  the  fluoride  bond  strength 
exceeds  4  eV.  The  SbF  ground  state  may  be  complex20  as  the  dissociation 
energies  obtained  from  several  Birge  Sponer  extrapolations  range  from  4.2 
to  5.7  eV.  In  view  of  the  overall  trends  indicated  in  Table  III,  it 
seems  difficult  to  rationalize  the  suggested  value  of  2.65  t  0.2  eV20  for 
the  BiF  dissociation  energy.  It  would  also  appear  that  the  bond 
strengths  of  the  fluorides  are  all  in  excess  of  4  eV. 

Table  III 


Element 


Evaluated  Dissociation  Energies  for  Group  15  Halides 
PX  -  BiX 

Dissociation  Energy  for  MX  (X  *  F.Cl.Br.I)  in  Electron  Volts 
(References  in  Parenthesis) 


F  Cl  Br  I 

P  4.5ila(35).4.55t0.4 
As  4.2b(37) 

Sb  4.5±lc(40,41)  3 . 7t0 . 5a( 39)  3. 2i0. 6a,d( 38 ) 

Bi  2.65i0.3d(46-48)a,>4e  3. 13i0.  lf(44,45)  2. 74+0 . 01a-d(42 ,43 )  2  5*la-d(4-’) 

3.14(19)  v 


a.  Linear  Birge  Sponer  Extrapolation. 

b.  Theoretical  calculation. 

c.  L.  B.  S.  X.'s  give  values  ranging  from  4.2  to  5.7  -  suggested  bv  20 

d.  Suggested  by  20.  y 

e.  References  10,17. 

f.  Mass  spectrometry. 

The  situation  might  be  remedied  for  the  heavier  halides  (AsX,  SbX, 
BiX)  using  chemiluminescent  techniques.  If  the  bond  strengths  of  the 
heavier  Group  15  fluorides  range  to  the  higher  values  suggested  by  the 
literature  and  the  current  results  on  BiF  are  indicative,  it  should  be 
possible  to  study  these  species.  We  are  currently  beginning  a  study  of 
antimony  fluoride. 


A  CONTINUOUS  VISIBLE  CHBGCAL  LASER  AMPLIFIER  FROM  A  METAL  CLUSTER 
OXIDATION  REACTION 


We  have  previously  used  the  supersonic  expansion  of  pure  sodium 
vapor  to  study  the  photodissociation  of  the  sodium  trimer.50  This  study 
was  facilitated  because  alkali  metal  based  species  have  comparatively 
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high  transition  probabilities,  those  for  the  alkali  metal  atom  or  dimer 
electronic  states  being  among  the  largest  recorded.51  In  part,  because 
of  the  ready  detectability  of  the  alkali  atom  and  dimer  electronic 
transitions,  we  initiated  studies  of  what  were  felt  to  be  the  simplest 
metal  cluster  oxidation  reactions,  the  alkali  trimer-halogen  atom 
reactions,  producing  reaction  products  with  well  defined  and  character¬ 
ized  electronic  transitions.  In  retrospect,  the  study  of  alkali  dimer 
and  trimer  -  halogen  atom  reactive  encounters  has  demonstrated  several 
surprises. 

The  high  cross  section,  highly  exothermic  Na-j  -  X  (Cl,Br,I) 
reactions  form  Na2  in  several  of  the  sodium  dimer  excited  electronic 
states  1  indicated  schematically  in  Figure  5.  The  energetics  of  the 
reactive  processes  of  interest  are  indicated  in  the  figure.  The  Na3-Cl 
and  Na3-Br  reactions  are  sufficiently  exothermic  to  readily  populate  the 
A  £u  ,  B  nu>  C  (2)  2U  and  C  nu  states  of  sodium  dimer.  The  available 
energy  results  from  the  formation  of  a  moderately  strong  sodium  halide 
bond  and  the  rupture  of  a  weak  sodium  trimer  bond.  The  Na3-I  reaction  is 


IUX  Dissociation  Energy 

X  •  I  D?  ■  ZS567  of! 

Ir  0  30324  cm* 

Cl  34137  at*' 

Figure  5:  Energetics  associated  with  the  formation  of  Na2  produced  by 
the  Na3  -  X  (Cl,Br,I)  chemiluminescent  reaction.  Potential 
curves  are  drawn  approximately. 
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much  less  exothermic.  However,  the  contribution  of  the  Na,  kinetic 

reaCtl°"  halo8en  atoms,  generated  from  a  1500  K  source 
nonuUtl'o8  rerf  k  °f  th8ir  kinetic  ener8X  distribution  allows  the 
levelfof  rh  a  Vlbratl0na*  levels  in  the  Na,  C  hu  state  and  several 
Jrlcesse  nUIUnUm  State‘  The  °ptiCal  si8^tures  for  the 


Na 


3  +  Cl.Br.I  -  Na,"  +  NaX  (X  =  Cl.Br.I) 


(9) 


encompass  emission  from  a  limited  number  of  Na,  band  systems  including 

rharant!’-C’a  Kd  ^  teS'  Surprisingly,  the  observed  emission  is 
racter lzed  by  sharp,  well  defined,  emission  regions52  (Figures  6  7) 
superimposed  on  a  much  weaker  but  perceptible  Na2  dominated  background. 

Fig.  7  demonstrates,  through  comparison  with  the  best  fit  calculated 
sodium  dimer  spectrum,  these  sharp  emission  features  are  not  readilv 
di^al52d  by  lnvokln8  a  purely  fluorescent  process  involving  sodium' 

features  7/77  7771  °f  the  B'X>  C‘X*  and  C''X  Na2  emission 

features  (Fig  6),  their  near  exponential  growth  with  Na,  concentration 

relative  to  the  background  Na2  fluorescence,  and  their  correlation  in 

certain  regions  to  the  emission  characteristic  of  optically  pumped  Na, 

laser  systems  (ex:  528.2  nm  (v'.v»)  =  (6,14)B-X)  suggested  that  stimG- 

777t  *miSS1°n’  S°Clated  with  certain  of  the  Na2  emission  products 
might  have  been  observed.  Laser  gain  measurements  were  subsequently 
carried  out  to  assess  this  possibility.  =>equentiy 


Figure  6:  Chemiluminescent  emission  from  the  Na3  +  Br  and  Na,  +  I 
reactions  forming  excited  states  of  Na, ,  whose  optical 
signature  dominates  the  observed  emission,  and  the  sodium 
halide.  Sharp  emission  features  superimposed  on  a  broad 
background  are  apparent  including  those  at  ^  527,  t  4 92 
"VA60.5,  -  436 ,  and  t  426  nm.  Spectral  resolution  is 
■^0.6  nm.  See  text  for  discussion. 


In  order  to  perform  these  studies,  a  unique  source  configuration 
discussed  m  detail  elsewhere* 1  - 52  was  developed  which  allowed  the 
supersonic  expansion  of  pure  sodium  vapor  to  create  a  Na,  concentration 
not  previously  attained  in  a  reaction-amplification  zone3  In  these 


Oxidation  of  small  metal  and  metalloid  molecules 


589 


studies,  pure  sodium  was  expanded  to  produce  a  supersonic  flow  which 
passed  into  an  LN2  baffled  reaction  chamber.  Here  the  supersonically 
expanding  Nax  beam  was  met  by  an  intersecting  flow  of  halogen  atoms.  In 
order  to  operate  above  threshold,  the  expenditure  of  sodium  was  carried 
out  in  a  very  short  time  frame  (%  1200  vs.  3600  -  10,000  seconds  for  a 
typical  chemiiuminescent  experiment  -  Fig.  6)  to  produce  well  in  excess 
of  10  /cc  trimer  molecules  in  the  reaction  zone.54  The  concentration 
produced  is  between  10  and  500  times  the  maximum  concentration  for  the 
fluorescence  experiments  ([Na3]  -v  3  x  1012/cc)  depicted  in  Figures  6  and 


Figure  7:  Comparison  of  (a)  observed  and  (b)  calculated  emission  spectra 
for  the  Na2  B-X  emission  system.  The  experimental  spectrum 
corresponds  to  chemiluminescence  from  the  Na3-Br  reaction. 

The  calculated  spectrum,  which  was  obtained  for  a  rotational 
temperature,  TRot  ^  1000K,  represents  an  estimate  of  effective 
rotational  temperatures  for  Na2  product  formation  under  near 
single  collision  conditions  and  therefore  not  at  equilibrium. 
Relative  vibrational  populations  input  for  Na2  B-X  v'  =  0-6* 
were  in  the  ratio  1.00:1.17:1.33:1.50:1.58:1.67:1.54.  The 

location  of  contributions  from  vibrational  levels  v'  =  6  ( _ ), 

5(  ),  and  4(_'_)  of  the  Na2  B  state  in  transition  to 

vibrational  levels  v"  *  14-9,  v"  =  13-8,  and  v"  =  12-7  of  the 
Na2  ground  state  are  indicated. 
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an  Jc^s^h^  IS.SlS.St^.S  S;T-d  1™“  the  °Ven’  (2) 

tr imer  in  the  beam.52  r*  2*  *"  (3)  an  lncreased  percentage  of 

produced  by  transitino  h~i  ,he  exPerlments*  halogen  atoms  were 

s.:  sx  Ss&SSSSxrr?1  « 

5»  ch,,ie*1  "*=«»•' 1  ™.r“^g” 

Using  argon  ion  pumped  dye  lasers  to  ct-nrfw  <-v,a  ,  _ 

H  ahtV0e.5Ccm-ldrLho iTin  fr0m  420 

L„dT  ,  “*"•  7  that  th...  r«- 

pond  to  a  stimulated  emission  process  and  to  the  establishment  of  a 
population  inversion.11*52  The  rino  rtv»  1  *  -unsnment  ot  a 

strong  feature  at  527  nm  fn*  8  dy  1  studies  suggest  that  the 

from  .asm™  of  Zr-Jfc 

improved  soannin,  capability,  it  should  be  possible  to  assign  "te 


B 


^branch  transitions  involving  Tvluy  t^lTs  In  L 


“imula5e^  emissio"  measured  at  0.5  cm'1 


? irrr^L 

high  resolution  ring  dye  laser  «;ranc  ir,  c«n  .  18S’  T"e 

h*Z  *  r  ,  K  y  laser  scans  in  the  527  nm  region  indicat-p  that 

3  i-g  a 

r«s»pip;;„^5l"a?:;tri1siSrih"“i;,iiiriri;ei“;tcs“r 

rr:L'°?r“»"8ir.  t,uL“L:rf.ishe'.8;i?si”"-““ 
T.lTlV.'lT^T.T  “  -3  -  concen-6 

was  found  to  vary  linearly  ’lB"a‘ 

artifaltltlc^ri;  SM 

srrs  s^ys&sy&iys:  sarar? 

Blt.rfBeCaU^  °f  the  55 W  Na3  ionization  potential  and  the  high  halogen 
electron  affinities,55  the  Na3-halogen  atom  reactions  are  expected  to 
an  electron  jump  mechanism  with  extremely  high  cross  sec- 
’  producing  substantial  Na2  excited  state  populations  The 
susta  P°Pulf^on  inversions  monitored  thusfar  are  thought  to  be 
sustained  by  ( 1 )  the  large  number  of  free  halogen  atoms  reacting  with 
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Na2  molecules  in  those  ground  state  levels  on  which  the  transitions 
emanating  from  the  Na2  excited  states  terminate,  removing  these  levels, 
and  (2)  collisional  relaxation  of  ground  state  sodium  molecules.52  The 
cross  section  for  reaction  of  vibrationally  excited  ground  state  Na2  is 
expected  to  be  substantial  relative  to  that  corresponding  to  collision 
induced  vibrational  deactivation  of  the  Na2  manifold.  Extremely 
efficient  reactions  thus  greatly  aid  the  rapid  depletion  of  the  lower 
state  levels  in  this  system  allowing  one  to  sustain  a  continuous 
population  inversion. 

A  major  effort  in  our  laboratory  now  focuses  on  the  conversion  of 
these  Na2  laser  amplifiers  and  the  development  of  laser  oscillators  at 
wavelengths  in  the  vicinity  of  527  and  460  nm.  We  also  are  concerned 
with  the  extension  of  these  Na3  based  studies  further  into  the  ultra¬ 
violet,  with  the  study  of  additional  alkali  trimer  halogenation  reac¬ 
tions,  and  with  the  modeling  of  these  reactive  encounters.  The 
current  results  certainly  indicate  an  unusual  and  unexpected  oxidation 
behavior  which  may  be  manifest  in  a  number  of  metal  cluster  reactions. 
This  suggests  that  the  study  of  these  processes  will  aid  the  development 
of  new  insights  in  chemical  reactivity. 

OXIDATION  IN  MORE  COMPLEX  METAL  AND  METALLOID  CLUSTER  SYSTBfS 


We  have  developed  entrainment  flow  devices11’14  which  facilitate 
the  generation  of  a  substantial  and  usable  continuous  flux  of  small  metal 
clusters.  Using  these  devices,  it  has  been  possible  to  record  the 
optical  signatures  of  the  reaction  products  associated  with  the 


development  of  a  sufficient  metal  cluster  flow,  we  have  obtained  the 
first  quantal  information  on  the  energy  levels  of  several  asymmetric 
metal  clustered  oxides,  M^y  (n>2)  and  preliminary  data  on  the  copper, 
chromium,  and  magnesium  clustered  chlorides  and  fluorides.  Thusfar, 
this  work  has  led  to  three  general  observations  concerning  cluster 
reactions. 


(1)  Cluster  oxidations,  through  a  multicentered  reaction  capability 
(excluding  fluorine  and  chlorine  atom  rxns.),  often  yield  product 
molecules  in  higher  energy  states  than  have  been  accessible  to  the 
corresponding  atomic  reactions. 

(2)  The  products  of  metal  cluster  reactions  encompass  metal  rich 
molecules.  In  many  cases,  metal-metal  bonds  are  present  and  behave  with 
an  unusual  fluxionality  in  these  product  molecules. 

(3)  Kinetics  rather  than  thermodynamics  most  often  controls  the 
nature  of  the  initially  formed  products  of  metal  cluster  oxidation. 

We  exemplify  these  trends  with  a  focus  on  the  oxidation  of  small 
silver  and  copper  clusters. 


"Silver  Cluster  Oxidation" 


The  oxidation  of  a  moderately  agglomerated  silver  flow  with  ozone 
under  multiple  collision  conditions  produces  emission  from  the  A  2n  (400- 
420  nm)  and  B  2n  (320-370  nm)  states  of  AgO.6’7  Neither  the  reaction  of 
silver  atoms  nor  the  reaction  of  silver  dimers  are  sufficiently  energe¬ 
tic  to  populate  these  AgO  product  states;  the  emission  must  result  from 
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the  oxidation  of  Ag3  or  larger  silver  clusters.11  At  higher  silver 
fluxes,  one  finds  that  the  AgO  emission  is  quenched  and  the  observed 
spectrum  is  characterized  by  a  combination  of  AgxO  (x  >  2)  and  Ag2  band 
systems.  The  reactions  or  energy  transfer  producing  the  Ag2  emission 
have  not  been  clearly  established.  However,  multi-centered  processes 
represent  the  most  likely  source  of  this  product  emission. 6> 1  * 11 

The  characterization  of  the  silver  clustered  oxides  can  provide 
insights  into  molecular  structure,  bonding,  and  atomic  mobility  in  the 
AgxO  species  as  an  aid  to  the  modeling  of  their  behavior  in  the  bulk 
metal  clustered-oxidized  surface.  This  may  contribute  to  our  under¬ 
standing  of  the  manner  in  which  an  oxidized  silver  surface  acts  to 
catalyze  the  epoxidation  of  ethene  or  the  dehydrogenation  of  methanol 
or  influences  the  photographic  process.62  A  contribution  to  the  modeling 
effort  can  be  gained  from  the  study  of  Ag20  and  from  the  extension  of 
these  Ag20  studies  to  the  higher  metal  clustered  oxides  AgxO  (x  >  3). 

In  order  to  study  the  oxidation  of  small  silver  clusters  using  an 
entrainment  flow  device61 a-> • 1 1 . 14  silver  metal  is  heated  in  a  specially 
designed  graphite  crucible  to  temperatures  between  1400  and  1700K.  The 
high  silver  flux  emanating  from  the  crucible  (>  1018/cm2-sec )  is  en¬ 
trained  in  a  flow  of  rare  g.  ie.Ar)  at  room  temperature.  Agglomeration 

in  the  system  occurs  both  as  asult  of  (1)  the  high  metal  flux  and  (2) 
the  cooling  of  the  silver  va  by  the  room  temperature  entrainment  gas. 
At  a  suitable  point  above  th  irnace  assembly,  ozone  is  introduced  into 
the  flow  to  produce  the  chemiluminescent  flame  corresponding  in  large 
part  to  an  optical  signature  for  the  silver  clustered  oxides.  The 
reactants  and  products  are  subsequently  fed  into  a  small  quadrupole  mass 
spectrometer.  ’  Thus,  in  these  studies  it  is  possible  to  combine  the 
energetic  constraints  of  the  chemiluminescent  process  and  distinct 
optical  signatures,  with  limited  mass  spectrometry,  for  product 
identification. 

The  Agx  +  03  reaction  produces  a  product  molecule  emitter  whose 
spectrum  extends  from  506  to  680  nm  (Fig.  8)  and  which  has  tentatively 
been  assigned  to  Ag20.  The  chemiluminescent  spectrum,  which  is  also 
constrained  by  the  energetics  of  multicentered  processes , 51 a) > 1 1  * 14 
between  500  and  700  nm  contains  two  distinct  emission  band  regions  which 
have  been  assigned  as  the  "A-X”  and  "B-X"  band  systems  of  Ag20.  The  A-X 
transition  which  onsets  at  “v  630  nm  is  well  fit  by  the  expression 

vCcm'1)  »  15670  -  165  v'j  +  0.4  (v")2 

The  B-X  transition  which  onsets  at  506  nm  is  well  fit  by  the  expression 

V;',v^,v,^cm  > 

V1',v'2',v’^cm"1>  = 

19766  -  442V1!'  -  165v'^  -  256v'^  +  6(vj)2  +  bvj'v’^  +  25v'1'v". 

Three  vibrational  frequencies  (442  cm'1,  165  cm'1,  and  256  cm'1) 
established  for  the  molecular  emitter  suggest  that  it  contains  a  Ag-Ag 
bond.  The  440  cm'1  frequency  is  readily  assigned  to  the  Ag-0  stretch. 
Since  the  geometry  of  the  molecular  emitter  has  not  been  established 
experimentally,  there  is  uncertainty  in  the  assignment  of  the  two  low 
frequency  modes.  Either  the  165  cm"1  or  the  256  cm'1  frequency  might 
reasonably  be  assigned  as  a  silver-silver  stretch.  The  spectral  features 
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which  onset  at  'v.  630  nm  display  only  a  single  vibrational  frequency 
separation  whereas  the  shorter  wavelength  band  system  displays  all  three 
frequencies.  This  behavior  would  suggest  that  both  a  substantial  bond 
angle  and  bond  length  change  accompany  the  transition  associated  with  the 
higher  energy  band  system.  In  contrast,  the  lone  -v  165  cm"1  separation 
associated  with  the  630  nm  system  is  indicative  of  a  change  in  bond  angle 
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Figure  8: 


Chemiluminescent  spectrum  for  the  reaction  of  small  silver 
clusters  entrained  in  argon  at  a  total  pressure  of  400  mTorr 
The  spectrum  was  taken  with  an  EMI  9808  phototube  at  a 
resolution  of  0.8nm.  Reaction  is  with  ozone.  Scan  A  depicts 
the  long-wavelength  end  of  the  "u  440  nm  system.  Scan  B 
depicts  the  relative  intensities  of  the  tail  of  the  440-nm 
system  and  the  500-nm  system  correlated  with  Ag20.  Scan  C 
depicts  the  500-nm  band  system  transition  region.  The  assign¬ 
ments  for  the  first  12  bands  are  noted.  This  system  displays 
the  Ag-0  stretching,  Ag-Ag  stretching,  and  AgAgO  bending 
frequencies  (vj  *  442  (denoted  1  in  the  figure),  v,  =  165  cm"1 
(denoted  2  in  the  figure),  and  v3  *  256  (vA  A  -  denoted  3  in 
the  figure)).  Scan  D  depicts  the  continuation  of  the  500-nm 
system  which  becomes  more  complex  with  emission  to  higher 
vibrational  quantum  levels.  This  system  blends  into  the 
630-nm  system  (E)  correlated  also  with  Ag20.  Scan  E  depicts 
the  630-nm  band  system  (correlated  with  Ag20)  which  may  extend 
to  shorter  wavelength  blending  with  the  500-nm  system.  This 
system  is  associated  with  a  long  progression  in  the  Ag20 
bending  mode  (^  165  cm"1  -  denoted  2  in  the  figure). 


or  bond  length  but  not  both,  the  later  being  unlikely  because  it  should 
signal  the  observation  of  two  stretch  frequencies.  For  this  reason  the 
165  cm  frequency  is  assigned  to  the  bending  mode  of  the  Ag20  molecule. 

The  assignment  of  the  A-X  and  B-X  band  systems  is  consistent  with 
the  emission  characteristics  of  a  number  of  similar  polyatomic  systems  63 
The  frequency  expression  for  the  B-X  system  displays  large  anharmonicity 
terms  (25vjv2).  This  is  consistent  with  the  rather  floppy  nature  of 
me^al  clusters  and  their  compounds.  The  observed  frequencies  are 
consistent  with  a  nonlinear  Ag-Ag-0  structure,  with  emission  from  the 
asymmetric  cluster  oxides  characterizing  these  kinetically  controlled 
oxidation  experiments  in  contrast  to  the  thermodynamically  more  stable 
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symmetric  species. 

The  assignment  of  the  spectral  features  in  Figure  8  to  the 
asymmetric  Ag20  molecule  is  further  substantiated  by  local  density 
functional  calculations  carried  out  on  the  symmetrical  Cu20,  Cu->S,  Ag20, 
and  Ag2S  molecules.  These  calculations  suggest  the  vibrational 
frequencies  catalogued  in  Table  IV.  The  symmetric  stretch  frequencies 

Table  IV 

Calculated  Vibrational  Frequencies3  (cm"1)  for  Cu20,  Ag20,  CuoS,  AgoS 


Mode 

Cu20 

Ag20 

CuoS 

Ag2S 

stretch  s 

679 

514 

465 

364 

stretch  a 

583 

458 

353 

278 

bend 

163 

89 

143 

70 

a.  At  the  Local  Density  Functional  level  of  approximation. 


s  ould  be  '  107.  higher  than  those  observed  experimentally66  (see  also 
discussion  of  CuOCu  following)  and  thus  we  predict  that  the  spectrum  for 

VtZVlll'  Ag2°  Sh°“ild  ^  characterized  by  a  symmetric  stretch  frequencv 
pproaching  450  cm  and  a  bending  mode  which  does  not  exceed  85  cm"1. 

If  anharmomc  coupling  plays  an  important  role  in  the  symmetric  isomer, 
it  may  be  possible  to  observe  features  associated  with  an  400  cm"1 
asymmetric  stretch.  Clearly,  these  characteristics  do  not  correlate  well 
with  the  spectrum  considered  in  the  present  discussion. 

In  some  Preliminary  experiments  the  mass  spectrometr ic  sampling 
capability  alluded  to  previously  has  been  emploved  to  aid  spectral 
assignment.  The  improvement  of  this  capability  will  be  an  important 
aspect  of  future  experiments  especially  at  higher  silver  agglomeration. 

At  these  higher  silver  fluxes  or  under  conditions  in  which  the  entraining 
helium  and  argon  are  cooled  so  as  to  approach  dry  ice  (196  K)  or  liquid 
nitrogen  (77  K)  temperature,  further  spectral  features  emerge  at  680 
nm  (Fig.  9).  We  have  now  tentatively  observed  at  least  two  further 
systems  possibly  associated  with  the  higher  silver  clustered  oxides  Ag  0 
U  >  2).  These  are  the  subject  of  further  study  in  our  laboratory. 

"Copper  Cluster  Oxidation" 


The  reaction  exothermicity  for  the  process 
Cu  +  03  -»  CuO  +  02 


(10) 


is  1.76  i  0.05  eV.  pis  process  is  energetic  enough  to  populate  the  v1 
2  level  of  the  CuO  6  E  state.  The  chemiluminescent  spectrum  observed 
for  reaction  (9)  under  near  single  collision  conditions  is  in  excellent 
agreement  with  the  available  energy  for  the  atomic  oxidation  process. 

If  the  energy  liberated  in  a  multicentered  copper  cluster  reaction 
is  largely  collected  in  one  of  the  reaction  product  molecules,  a 
considerable  enhancement  of  the  available  energy  to  populate  product 
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(b)  Ag.O 


Figure  9:  Chemiluminescent  spectra  for  the  reaction  of  small  silver 

clusters  entrained  in  dry  ice  cooled  argon  at  a  total  pressure 
of  400  m  Torr.  The  spectrum  was  taken  with  an  EMI  9808 
phototube  at  a  resolution  of  0.7nm.  Reaction  is  with  ozone. 
Observed  spectral  emission  in  the  region  550-730  nm  believed 
to  correlate  with  the  metal  cluster  oxides  Ag  0  (x  >  2). 

The  upper  spectrum  is  obtained  at  considerably  higher  silver 
flux  and  appears  to  demonstrate  the  onset  of  a  new  band 
system  (boldfaced)  at  A  >  660nm. 


molecule  excited  electronic  states  can  be  obtained.  The  oxidation  of 
copper  clusters  produced  in  an  entrained  copper  flow  (copper  flux  > 
cm^-sec)  with  ozone  under  multiple  collision  conditions  produces 


10 


emission  (Figure  10)  which  originates  from  the  622+, 


2  ^ 

A1  2  »  and  A^E"7"  states  of  CuO.  The  population  of  these  states  requires 
up  to  1  eV  more  energy  than  is  available  from  the  copper  atom  reaction. 
This  increased  exothermicity  could  be  provided  by  the  reaction  of 
vibrationally  hot  copper  dimer  or,  equally  likely  with  moderate  to  high 
metal  agglomeration,  by  the  reaction  of  ground  state  copper  trimer  via 
the  process 


and  A2E+  states  of  CuO. 


D2A, 


b2a. 


Cuj  CuO-'  +  CU2O2 


(11) 


Under  a  variety  of  experimental  conditions,  the  first  emission 
spectra  for  both  the  asymmetric  copper  clustered  oxides  and  the  symmetric 
CuOCu  molecule  have  now  been  successfully  generated.-*2  A  selection  of 
the  data  obtained  for  these  copper  oxides  is  indicated  in  Figures  10  and 
11  where  emission  spectra  for  both  symmetric  and  asymmetric  C^O  as  well 
as  the  higher  order  copper  clustered  Cux0  (x  >  2)  complexes1*  are 
displayed. 

Significant  differences  between  the  electronic  spectra  and  energy 
levels  for  the  CuCuO  and  CuOCu  molecules  are  evidenced  not  only  by  the 
distinctly  different  location  of  emission  features  but  also  by  the 
appearance,  extent,  and  intensity  of  these  features.  The  spectral 
features  for  the  CuCuO  molecule  (Fig.  10)  at  'v  600  nm  appear  to  result 
from  a  short  progression  in  a  132  cm”1  bending  mode  whereas  the  observed 


structured  emission  spectra  for  the  CuOCu  *B2  -  *Ai  transition  appear  to 
be  dominated  by  a  moderate  progressions  in  the  ground  ('v  640  cm”1)  and 
excited  ("v  409  cm”1)  state  symmetric  stretching  modes.  The  spectral 
features  recorded  for  CuOCu  bear  a  strong  correlation  with  recent  quantum 
chemical  calculations  by  Bauschlicher ,  Langhoff,  and  Siegbahn^2  (Table 
V).  These  authors  have  estimated  bond  lengths,  bond  angles,  transition 
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STATE 

r(Cu-O) 

(Angstroms) 

BOND  ANGLE 
(Degrees) 

T_( APPROX 
(cm'1 ) 

(Ground) 

1.793 

105.7 

0 

1B1  (0 . 3 )a 

1.964 

81.4 

14221 

XA j  ( 1 . 6  )a 

1.921 

180.0 

17181 

1B2  (1.0)a 

1.956 

77.3 

20336 

xa2  (0.1)a 

1.942 

123.3 

22133 

“Transition  Moment 

in  Atomic  Units. 
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moments,  and  electronic  state  locations  for  the  ground  and  several 
excited  electronic  states  of  the  CuOCu  molecule.  The  calculations  are 
currently  undergoing  further  refinement,  especially  in  correlation  with 
the  data  derived  from  the  emission  spectra  depicted  in  Figure  11. 

However,  the  relative  intensities  of  the  CuOCu  *A^  and  *B2  transitions 
depicted  in  Figure  11  are  in  very  good  agreement  with  the  calculated 
relative  transition  moments.  Further,  the  change  in  bond  angle  and  bond 
length  predicted  for  the  *A^  -  *Aj  transition  (AS  -  a  substantial  75°)  is 
commensurate  with  a  long  virtually  unresolved  progression  dominated  by 


WAVELENGTH  (ANGSTROMS) 

Figure  11:  Chemiluminescent  spectrum  taken  under  multiple  collision 
conditions  in  a  non-effusive  agglomeration  mode  dominated 
by  emission  from  the  symmetric  CuOCu  molecule  but  also 
showing  emission  corresponding  to  CuO  and  to  the  asymmetric 
CuCuO  molecule.  The  spectrum  was  taken  with  an  EMI  9808 
phototube  at  a  resolution  of  0.5  nm. 


the  CuOCu  bending  mode,  much  like  that  characterizing  a  similar  transi¬ 
tion  in  the  water  molecule  at  the  fringes  of  the  vacuum  ultraviolet 
region. OJ  For  the  1B2  -  A^  transition,  the  experimental  data  indicate 
ground  state  symmetric  stretch  frequency  of  ^  640  cm'*  (v"  =  640  ±  10 
cm'*)  and  an  excited  state  symmetric  stretch  frequency  of  409  ±  10  cm'*. 

The  spectroscopy  of  the  copper  cluster  oxides  is  now  the  focus  of 
considerable  further  study.  This  effort  includes  laser  induced 
fluorescence  at  moderate  and  higher  resolution  to  facilitate  the 
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evaluation  of  further  vibrational  mode  structure  and  the  determination 
of  both  the  CuCuO  and  CuOCu  ground  state  geometries. 

Using  the  constraints  on  the  minimum  reaction  exothermicity 
necessary  to  facilitate  a  chemiluminescent  reactive  process  and  limited 
mass  spectrometric  data,11  one  can  suggest  the  following  most  likely 
mechanisms  for  formation  of  the  copper  oxide  emitters  which  give  rise  to 
the  spectra  depicted  in  Figs,  lg  and  11.  In  the  moderate  to  high 
agglomeration  mode,  the  CuCuO  isomer  whose  emission  is  located  near 
600  nm  is  most  likely  formed  via  the  reaction 

Cu^  +  O3  -*  Ci^O'  +*  Cu02 

while  lower-lying  states  may  be  formed  through  reaction  of  copper  dimer 

Cu2  +  03  •*  CU2O  +  C>2  . 

Here,  the  asterisks  indicate  electronic  and  the  dagger  indicates  vibra¬ 
tional  excitation.  The  higher- lying  states  of  CuOCu,  may  be  formed  via 
the  reactions  of  vibrationally  excited  or  possibly  electronically  excited 
CuO  + 

CuO  ,  CuO*  +  Cu3  -  CuOCu*  +  Cu2 

(1B2,(1A2)  Table  V) 

In  the  moderate  agglomeration  mode  the  CuOCu  states  may  be  formed  through 
the  process 

CuO  ,  CuO  +  CU2  ■*  CuOCu*  +  Cu 

(1A1,lB1) 

The  experimental  evidence  which  supports  these  tentative  mechanisms  will 
await  further  confirmation. 

These  studies  of  the  copper  cluster  oxides  are  now  providing  the 
impetus  for  the  quantum  chemical  generation  of  potential  functions  for 
the  ground  and  excited  states  of  the  isomers  of  these  molecules.  Poten¬ 
tial  functions  now  generated  for  CuOCu  and  CuCuO  indicate  that  while 
these  molecules  are  quite  bent  they  are  also  characterized  by  very  flat 
bending  mode  potentials.  It  appears  that  there  is  a  high  probability  for 
interconversion  of  these  two  isomers.  The  generated  potential  functions 
can  be  gauged  by  their  fit  of  experimental  vibrational  frequencies 
generated  in  our  initial  experimental  studies.  This  study  may  also  bear 
some  relevance  to  the  assessment  of  the  role  which  the  copper  oxide 
lattice  plays  in  high  Tc  superconductors.68  Here  the  movement  of  the 
copper  and  oxygen  atoms  as  dictated  by  the  Cux0  potential  function, 
especially  the  out-of-plane  bending  of  these  species,  may  play  a  role  in 
the  high  Tc  mechanism. 

"Extensions  of  the  Metal  Cluster  Oxidation  Concept" 


Our  studies  of  the  copper  and  silver  cluster  oxides  as  they  pertain 
to  the  modeling  of  bulk  systems  are  being  extended  to  additional  metal 
and  metalloid  species.  The  source  which  we  have  developed  to  study  the 
Bi2  +  F  reactions  is  now  being  used  to  investigate  the  fluorine  atom 
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oxidation  of  copper58  and  magnesium60  clusters.  The  fluorine  and 
chlorine  atom  oxidations  of  small  copper  molecules  are  of  particular 
interest  as  we  consider  the  analogy  between  the  single  valence  s  electron 
copper  and  sodium  oxidation  reactions.  These  studies  correlate  strongly 
with  the  elegant  work  of  Parson,69  Sadeghi,70  and  coworkers.  In  the 
copper  fluorine  system,  we  have  observed  not  only  CuF  chemiluminescence 
from  the  copper  dimer  -  fluorine  atom  reaction58  but  also  the  formation 
of  CuF  excited  states  from  the  reaction  of  metastable  2D3/2  5 /2  copper 
atoms  with  SF*.  This  effort  complements  the  recent  study  of  metastable 
copper  -  Cl2/  F2oy"  u  reactive  encounters  considered  also  in  other 
chapters  of  this  volume.  These  efforts  are  being  extended  to  form  the 
electronically  excited  copper  cluster  fluorides  Cux_,F  and  the  corres¬ 
ponding  chlorides  from  Cux  (x  >  3)  +  F(C1)  reactive  encounters.  In  an 
attempt  to  generate  the  Mg2  excimer  analogs  of  the  Na2  laser  amplifiers 
discussed  previously,  we  are  attempting  to  form  magnesium  clusters  and 
observe  the  excited  state  products  of  their  oxidation  with  F  and  Cl 
atoms.  Surprisingly,  preliminary  results  on  this  system  signal  the 
formation  of  an  excited  state  MgxF  and  MgxCl  complexes  whose  chemi¬ 
luminescent  spectra  are  now  the  subject  of  intense  study  in  our 
laboratory. 

Our  initial  observations11*14  suggest  that  larger  cluster  oxide 
species  with  significant  metal-metal  bonding  can  be  made  and  explored 
using  combined  chemiluminescent  and  LIF  techniques.  It  may  be  possible 
to  generate  species,  the  fingerprints  of  which  are  relevant  to  the 
detailed  microscopic  description  of  those  properties  which  can  contribute 
to  the  catalytic  behavior  of  an  oxidized  metal  surface  or,  in  a  future 
study  of  silicon  cluster  halogenation,  to  the  nature  and  quality  of  a 
surface  etch  (Sin  +  X  (X=C1 ,C12,F,F2) ) .  As  an  ultimate  goal,  we  wish  to 
develop  a  detailed  description  of  the  intimate  environment  associated 
with  the  metal  cluster-oxygen  or  metal  cluster-halogen  interaction, 

(1)  determining  how  small  clusters  of  metal  atoms  interact  with  the 
oxygen  or  halogen  atom  and  (2)  considering  the  dynamic  behavior  which 
these  clustered  atoms  may  exhibit  as  they  move  about  the  oxygen  or 
halogen  atom.  Using  a  combination  of  chemiluminescent  and  laser 
fluorescent  probes  of  the  asymmetric  metal  clustered  oxides,  it  should  be 
possible  to  establish  structures  and  determine,  through  bond  angle  and 
vibrational  frequency  determination,  the  manner  in  which  these  small 
metal  clusters  interact  with  an  oxygen  atom  when  they  are  formed  in  a 
unique  kinetically  controlled  environment.  It  is  precisely  this 
information  which  can  provide  the  productive  tension  between  experiment 
and  theory  required  for  the  development  of  systematically  constructed 
and  meaningful  model  systems  describing  the  nature  of  ligand-metal 
surface  interactions. 
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TH1  UMIQU1  NATU1I  OF  MITAL  CLUSTH  QXH1ATI0M 


JAMIS  L.  COU 

High  Tanperatura  Laboratory 

Caotar  for  Optical  Science  and  Engineering 

and  School  of  Physlca 

CMrgU  Zaatituta  of  Technology 

Atlanta.  Georgia  30332 


ABSTSACT.  Oven  based  antral naant  flow  and  auparaouie  azpaaaioo  tachni- 
quaa  ara  uaad  to  forn  small  natal  and  aatalloid  nolaculaa  and  to  atudy 
thair  unusual  oxidation  behavior.  Thaaa  natal  and  aatalloid  aolecules 
oxldiaa  to  fora  not  only  a  distinct  cl ass  of  natal  itn  grouped  clustar 

kinetically  aa  opposad  to  themodynanically 
controlled  conditions  but  also  unusual  (unaxpoctad)  azeitad  electronic 
lUt*  P*^t  distributions.  We  axanplify  this  behavior  with  a  focus  an 
copp«r  cluatar  oxidation,  contrasting  the  anisaion  spectra  generated  for 
*!**  and  synaatric  isonars  of  CujO  and  conparing  thaaa  with 

theory.  A  subset  of  the  oxidation  studies  touches  on  tha  sodiia  trlnar 
-  halogen  aton  reactions.  (la3  -  X(Cl.Br.I).  which  create  a  continuous 
electronic  population  inversion  based  on  tha  chaodcal  panpins  of  Na>» 

***  U**r  throughout  the  visible  and  the  axteuiL  of  rL- 

studies  to  copper  and  aagnesivni  trlnar  haloganatlon. 


The  clustar  oxidation  process,  tha  unique  products  of  natal  clustar 
oxidative  transformation,  and  the  optical  signatures  of  tha  products  of 
oxidation  eay  have  iaportant  inpli cat ions  for  tha  extension  of  concepts 
in  aolacular  reaction  dynanice  and  the  fingerprinting  of  local  surface 
r**ctlr*  *rrirnnnants.  The  study  of  cluster  oxidation  provides  a  unique 
opportunity  to  address  an  unusual  and  anlticentered  reaction  chMiatry 
.  f*®  infotnation  on  grouped  natal  aton- oxidant  interactions 

“m  M  “  i*POTt“ *  c°epo°ent  in  the  nodeling  of  chenlcally 
significant  systems  on  a  each  larger  aacroacopic  scale. 

_i_  ^  rrsssnt.  the  internal  node  structure  and  dynamics  associated  not 
<»ly  eith  bare  natal  and  aatalloid  clusters*  bet  also  with  thair  kinsti- 
eally  controlled  oxidation2*5  is  still  largely  neglected.  The  United 
miotaatlon  which  is  available  daaonstratas  a  unique  oxidation  behavior 

reactive  branching.5  Za  approaching  tha  study 
of  the  oxidation  dynamics  which  a  nunber  of  natal  (and  aatalloid)  due- 
eera  undergo  as  they  fora  a  distinct  class  of  natal  aton  grouped  clust* 
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ABSTRACT 

We  outline  procedures  to  develop  the  first 
visible  chemical  laser  amplifiers  and  oscillators. 
Correlated  with  a  brief  outline  of  the  principles 
of  laser  action,  we  discuss  two  approaches  to  the 
formation  of  electronically  inverted  atomic  and 
diatomic  configurations  based  on  (1)  highly  effic¬ 
ient  near  resonant  intermolecular  energy  transfer 
and  (2)  highly  efficient  and  selective  fast  direct 
chemical  reaction.  Using  a  very  near  resonant 
energy  transfer  from  selectively  formed  metastable 
states  of  SiO  and  GeO  (a3E+,  b3" )  to  select  metal 
atoms,  we  form  thallium,  gallium,  sodium,  and 
potassium  atom  laser  amplifiers  at  I  «  535,  417, 
569,  818,  and  581  nm.  The  metastable  triplet 
states  are  generated  in  high  yield  from  the  Ge-03, 
Si-N20,  and  Si-N02  reactions.  The  energy  stored  in 
the  triplet  states  is  transferred  in  a  near 
resonant  process  to  pump  X2P1/2  T1  or  Ga  atoms  to 
their  lowest  lying  2S 1/2  states,  and  X2S, /2  Na(K) 
atoms  to  their  lowest  excited  3d2D,  4d2D  (5d2D  in 
potassium),  and  5s2S  (6s2S)  states.  Adopting  a 
pumping  sequence  in  which  a  premixed  Group  IV  A 
metalloid-receptor  atom  combination  is  oxidized,  we 
observe  a  system  temporal  behavior  which  suggests 
the  creation  of  a  population  inversion  producing  a 
gain  condition  in  the  Tl,  Ga,  Na,  and  K  systems  and 
forming  the  basis  for  full  cavity  oscillation  on 
the  Tl  7zS1/2  -  6ZP3/2  transition  at  535  nm  and  the 
Na  4dzD  -  3pzP  transition  at  569  nm.  Concepts 
employed  to  create  amplification  and  oscillation  in 
these  systems  are  also  applicable  to  the  efficient 
energy  transfer  pumping  of  potential  amplifying 
transitions  in  the  lead  (Pb),  copper  (Cu  -  analog 
of  Cu  vapor  laser),  and  tin  (Sn)  receptor  atoms. 
Based  on  the  successful  production  of  visible 
chemical  laser  amplifiers  from  direct  selective 
chemical  reaction  we  seek  to  develop  and  scale 
chemically  driven  visible  and  ultraviolet  lasers. 
Amplifiers  are  to  be  produced  using  the  highly 
efficient  and  selective  formation  of  alkali  dimer, 
m2  *  Na2’  (Li2>*  excited  states  from  the  alkali 
trimer-halogen  atom  (M3  -  X(Cl,Br,I)  reactions. 

These  chemical  laser  amplifiers  have  already 
employed  the  extremely  high  cross  section  Nan 
(n“2,3)-X(Cl,Br ,1)  reactions  to  create  a  contin¬ 
uous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Na2).  Optical 
gains  through  stimulated  emission  has  been 
demonstrated  in  select  regions  close  to  527,  492, 
and  460  nm  with  potential  extension  to  the'  412.5, 
■'-365,  and  350  nm  regions.  Results  obtained  are 
in  close  analog  to  optically  pumped  alkali  dimer 
lasers.  A  model  which  envokes  the  vibrational 
and  rotational  selectivity  inherent  to  a 
dissociative  ionic  recombination  process  (Na3’*’ 

+  X  ■»  Na2  +  NaX),  in  correlation  with  the  coupling 
between  select  sodium  dimer  excited  states,  may 
provide  a  semiquantitative  explanation  of  the 
observed  behavior.  The  observed  gain  (max.  of  4 Z 
a**  ^ 527  nm  corres.  to  8  x  10”3/cm  for  individual 
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rotational  levels)  can  be  enhanced  considerably 
with  a  more  versatile  source  configuration.  The 
considered  amplifiers  are  being  optimized  and 
modeled  with  a  focus  to  increasing  amplifier  gain 
length  and  amplifying  medium  concentration  so  as  to 
facilitate  their  conversion  to  visible  chemical 
laser  oscillators.  The  study  of  additional  analog 
systems  suggests  that  the  two  concepts  considered 
will  be  generic. 


INTRODUCTION 

While  there  are  a  plethora  of  highly  exo¬ 
thermic  chemiluminescent  reactions,  only  a  small 
^rac^*on  these  show  the  promise  of  producing 
electronically  inverted  population  distributions. 
We  have  employed  certain  unique  aspects  of  a  very 
select  group  of  high  excited  state  quantum  yield, 
highly  exothermic,  metal  and  metalloid  oxidations 
in  order  to  develop  what  appear  to  be  the  first 
chemically  driven  laser  amplifiers  (and  oscilla¬ 
tors)  operative  in  the  visible  spectral  region.3 
One  class  of  these  systems  operates  in  a  pulsed 
configuration  relying  on  ultrafast  near  resonant 
intermolecular  energy  transfer2  from  metastable 
storage  states  formed  in  chemical  reaction  as  a 
pump  for  subsequently  amplifying  atomic  receptors. 
A  second  system  operates  on  the  direct  chemical 
pumping  of  sodium  dimer  (Na2)  in  close  analogy  to 
optically  pumped  alkali  dimer  lasers. 

High  quantum  yield,  highly  exothermic,  simple 
metal  or  metalloid  oxidation  reactions,  which  in¬ 
volve  a  branching  to  long-lived  metastable  states, 
show  the  promise  of  creating  an  energy  storage  me¬ 
dium  to  pump  atomic  transitions  with  an  established 
high  propensity  for  lasing  action.  This  hybrid  ap¬ 
proach  attempts  to  circumvent  the  problems  associa¬ 
ted  with  short-lived  electronic  transitions  taking 
place  on  a  time-scale  much  faster  than  the  typical 
reactive  mixing  in  a  chemical  laser  cavity  (in  con¬ 
trast  to  infrared  transitions)  and  the  weak  coup¬ 
ling  of  the  photon  flux  associated  with  long-lived 
metastable  electronic  transitions  to  a  laser  cavity 
(low  Q).  To  accomodate  the  desired  pump  sequence, 
we  have  developed  techniques  to  form  copious 
quantities  of  the  metastable  SiO  and  GeO  a3E+  and 
b  Hstates  as  the  products  of  the  primarily  spin 
conserving  Si-N20,3  Si-N02,4  Ge-N20,  and  Ge-03 
reactions.  These  long-lived  triplet  states  act  as 
an  energy  reservoir  for  fast  near  resonant  inter¬ 
molecular  energy  transfer  to  efficiently  pump  a- 
tomic  transitions.  Using  this  approach  we  have 
obtained  short-lived  pulsed  amplification  and 
oscillation  from  atomic  thallium  at  535  nm  (gain 
coeff.  a  >  2.5/cm)2,  .  We  have  extended  this 
concept  to  the  pumping  of  sodium  and  potassium  atom 
transitions  which  show  the  promise  of  producing 
higher  duty  cycle  operation,  and  have  now 
demonstrated  continuous  gain  and  potential  low- 
level  oscillation  in  the  Si-SiO-Na  system  at  569nm. 
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We  have  also  been  concerned  with  the  develop¬ 
ment  of  the  high  cross  section,  highly  exothermic 
Na3-X(Cl,Br,I)  reactions  as  they  selectively  form 
NaT  in  several  of  its  excited  electronic  states. 
The  demonstrated  chemical  laser  amplifiers  must 
rely  on  the  extremely  high  cross  section  Nan 
( n~- • 2 )  +  X(Cl,Br , I)  reactions  to  create  a  contin¬ 
uous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Na2).  Optical 
gain  through  stimulated  emission  has  been  demon¬ 
strated  in  the  regions  close  to  527,  492,  and 
460.5  nm.  Results  in  close  analog  to  optically 
pumped  alkali  dimer  lasers  are  noted,  the  pumping 
now  being  demonstrated  for  the  first  time  in  a 
purely  chemical  environment. 


CHEMICALLY  DRIVEN  VISIBLE  LASER  TRANSITIONS  FROM 
ULTRAFAST  ENERGY  TRANSFER 

One  might  envision  those  SiO  and  GeO  "a3S+" 
aru?i"b  rae6astable  states  (lifetimes  between 
10  and  10'-  seconds)  formed  in  the  Si-N20,3  Si- 
N02,  and  Ge-O^1,2  reactions  as  a  combined  metast¬ 
able  triplet  state  reservoir  which  is,  at  best, 
weakly  coupled  to  the  ground  electronic  X^2+  state 
of  the  metal  oxide  (minimal  nonradiative  trans¬ 
fer).  This  reservoir  can  be  maintained  and  can  be 
made  to  transfer  its  energy  to  pump  an  atom  of 
interest  if  a  near  resonant  energy  transfer  is 
feasible.  We  make  use  of  an  efficient  inter- 
molecular  energy  transfer  process 

SiO,  GeOU^+.b3'’)  +  X  -*  SiO,GeO(X1£+)  +  X*  (1) 

where  X  represents  the  electronically  excited 
atomic  species  from  which  we  wish  to  obtain  lasing 
action.  The  success  of  this  outlined  scheme 
depends  on  the  rates  for  the  reactions  forming, the 
SiO  or  GeO  metastables6  and  the  rate  of  the  MO* 
(M=Si,Ge)  -  X  intermolecular  energy  transfer, 
strongly  influenced  by  near  resonances  between  the 
MO  and  X  energy  levels.  The  amplifiers  which  are 
of  interest  operate  on  a  variety  of  duty  cycles 
dictated  primarily  by  the  radiative  and  collisional 
quenching  associated  with  the  electronic  transi¬ 
tions  of  those  receptor  atoms  forming  the  amplify¬ 
ing  medium.  While  the  potentially  lasing  atomic 
transitions  may  constrain  the  system  to  operate  in 
a  short  pulsed  configuration  similar  to  the  nitro¬ 
gen  laser,  this  duty  cycle  might  be  considerably 
enhanced  in  favorable  situations. 

The  Thallium  System 


Initially,  the  Group  IIIA  metal  thallium,  was 
chosen  as  a  promising  candidate  for  the  transfer 
scheme  considered  because  this  atom  has  a  regular 
ground  electronic  2P  state  with  a  substantial  spin- 
orbit  splitting  (7792.7  cm  3)2  and  an  excited  2s1/2 
upper  state  in  near  resonance  with  the  SiO  and  GeO 
triplet  states.  In  addition,  photodissociation 
lasers  involving  the  corresponding  upper  “Sw2 
atomic  state  were  already  known  for  all  of  the 
Group  IIIA  atoms,  these  operating  on  the  strongly 
allowed  ^1/2  "  X  £3/0  transition  and  producing 
laser  action8  at  417  fGa),  451  (In)  and  535  nm 
(Tl).  We  make  use  of  the  scheme  (Figure  1(a)) 

Pump:  MO*  +  X2P1/2  ■+  X*  (2S1/2)  +  MO6  (2) 


Lasing:  X''  (2S1/2)  -*  X  (2P3/2)  +  hv 


Here,  the  metal  oxide  excitation  is  transferred  to 
the  Group  IIIA  atom,  pumping  from  the  X2P]/-?  to  the 
energetically  accessible  electronically  excited 
^1/2  level*  this  level  subsequently  undergoing  the 
(potential  laser)  transition  ZS^2  -  X2P2/t  to  what 
corresponds  to  an  initially  sparsely  populated 
^P3/2  sPin  °rbit  component  (Nq/-,  <  e'10  (N,/-,)  at  T 
S  HOOK)  in  the  Tl  system. 

The  efficiency  of  the  outlined  process  for 
X  =  Tl  C  1 / 2 ^  *  which  does  not  react  to  form  the 
metal  monoxide,  is  such  that  a  "superf luorescent" 
laser  spike  (Fig.  1(b))  some  10  times  the  normal 
Zsl/2  ‘  2p3/2  fluorescent  intensity  is  generated 
on  less  than  a  5ns  time  scale.9  As  the  population 
of  the  P3/2  metastable  level  builds  in  this  system, 
the  zS1/2  -  P2/2  population  inversion  is  lost  and 

lasing  ceases.  The  signal  level  in  the  remainder 
of  the  temporal  scan  corresponds  to  2Sj/2  -  2P2/2 
fluorescence.  This  system  is  similar  to  the  self- 
terminating  nitrogen  laser,  however,  in  contrast, 
we  observe  superfluorescence  as  opposed  to  ampli¬ 
fied  spontaneous  emission  (ASE).  A  similar  albeit 
much  less  pronounced  effect  is  observed  when 
gallium  replaces  thallium,2  however,  the  energy 
transfer  pumping  of  indium  atoms  by  SiO  and  GeO 
metastables  is  found  to  be  considerably  less 
efficient.  In  contrast  to  the  Tl  or  Ga  systems 
where,  to  first  order,  the  energy  gap  is  less  than 
250  cm  ,  the  closest  indium  levels  are  separated 
by  more  than  500  cm'1  from  the  potential  SiO  or  GeO 
energy  storage  levels.  No  evidence  for  amplifi¬ 
cation  is  found  in  the  indium  system.  The  poten¬ 
tial  for  near  resonant  transfer  is  clearly  quite 
important  in  these  systems. 

We  have  also  extended  the  Tl  atom  laser 
amplifier  concept  to  develop  the  corresponding 
laser  oscillator.  In  a  stable  resonant  cavity 
intermediate  to  a  near  planar  -  near  confocal 
configuration  (g!=g2=17/20)  with  3Z  output  coupl¬ 
ing,  we  obtain  a  substantial  increase  in  output 
power  (  ^.lOX)  accompanied  by  a  substantial  in¬ 
crease  in  the  ratio  of  superfluorescence  to 
fluorescence  (>  100  (Fig.  1(c))  versus  the  single 
pass  amplifier.  This  output  is  obtained  with  up  to 
three  passes  through  the  amplifying  medium  in  the 
time  scale  over  which  the  population  inversion  is 
maintained2'9’ 10  (^3-5  ns).  Amplification  and 
oscillation  are  obtained  with  high  reactant 
concentrations  (Si(Ge)  >  2  x  lO^/cm3,  Tl  >  1  x 
1016/ cm3,  oxidant  >  5  x  1014/cm3)2  and  only  in 
those  systems  in  which  the  Si  or  Ge  and  Tl  are 
premixed  before  the  oxidation  -  energy  transfer  - 
amplification  cycle  is  initiated.2  The  results 
obtained  are  in  excellent  agreement  with  the  study 
of  "superradiance"  in  Tl  discharges  by  Isaev  and 
Petrash. 


The  Thallium  Laser  Amplifier  and  Oscillator  as  a 
Basis  for  Comparison 


The  nature  of  the  thallium  laser  amplifier  and 
oscillator  we  have  developed  in  our  laboratory  is 
discussed  in  detail  elsewhere,2  however,  it  is 
important  that  we  summarize  the  attributes,  char¬ 
acteristics,  and  disadvantages  of  this  system  for 
the  comparative  assessment  of  additional  candidate 


systems.  The  Ge-GeO-Tl  system  must  be  triggered  by 
the  oxidation  of  premixed  Ge(Si)/Tl  at  concentra¬ 
tions  exceeding  10i6/cc .  1 1  The  threshold  for 

lasing  on  the  Tl  7  Sj/2  -  62P3/2  transition  is 


(3) 


low,  the  potential  for  a  highly  efficient  near 
resonant  (aE  <  250  cm'*)  pump  of  ground  state  T1 
6^Pj/2  atoms  to  the  excited  state  is 

manifest,  and  the  formation  of  T10  is  precluded 
(unlike  the  gallium  system)  so  as  to  considerably 
minimize  interference  with  the  formation  of  SiO  and 
GeO  metastables.  These  advantages  are,  however, 
balanced  by  the  short  radiative  lifetime  associated 
with  the  ^S\/2  level  and  the  metastability  of  the 
P3/2  terminal  laser  level.  The  self-terminating, 

\  ■  535  nm,  T1  laser  amplifier  is  superf luores- 
cent.  Thus,  the  conversion  of  the  T1  system  to  a 
laser  oscillator,  strongly  influenced  by  the 
cooperation  length*2  of  the  stable  cavity  configu¬ 
rations  employed  in  this  effort,  produces  an  output 
obtained  with  up  to  three  passes  through  the 
amplifying  medium  on  the  time  scale  over  which  the 
population  inversion  is  maintained2’^’  (  •v3-5ny). 
The  T1  system  is  difficult  to  oscillate  because  of 
its  short  pulse  mode.  Further,  because  it  is 
superf luorescent , *2  the  output  power  obtained  on 
full  cavity  oscillation  does  not  greatly  exceed 
(xlO)  the  output  for  single  pass  amplification. 

In  response  to  the  shortcomings  inherent  to 
the  T1  atom  system,  a  major  focus  of  our  continuing 
efforts  has  been  to  extend  the  near  resonant  energy 
transfer  concept  to  atomic  sodium  or  potassium  as  a 
means  of  forming  higher  duty  cycle  laser  ampli¬ 
fiers,  maximizing  the  efficiency  of  these  created 
laser  amplifiers,  and  subsequently  optimizing  these 
systems  so  as  to  produce  efficient  laser 
oscillators. 

Extension  of  the  Near  Resonant  Intermolecular 
Energy  Transfer  Concept  to  Fast  Pwping  of  Na  and  K 
Atom  Transitions 

In  order  to  compensate  the  disadvantages  in¬ 
herent  to  a  T1  based  laser  system  and  to  demon¬ 
strate  the  generic  nature  of  the  outlined  appr¬ 
oach,  we  have  extended  the  near  resonant  energy 
transfer  concept  to  atomic  sodium  and  potassium  as 
a  means  of  forming  higher  duty  cycle  laser  ampli¬ 
fiers  and  oscillators.  By  choosing  the  Na  and  K 
based  systems,  we  focus  on  longer- lived  emitters** 
as  a  means  of  enhancing  energy  storage  in  the  laser 
cavity.  In  this  respect,  the  more  nearly  energy 
transfer  resonant  (SiO  or  GeO  metastables)  Na 
system  energy  levels,  partially  outlined  in  Fig.  2, 
are  well  suited.  Here,  in  developing  this  system 
and  its  potassium  analog,  we  not  only  take  advan¬ 
tage  of  the  chemical  pumping  of  the  considerably 
longer  lived  2S  or  2D  levels  of  the  sodium  atom  but 
also  we  replace  the  metastable  T1  ^3/2  state  (Fig. 
1),  the  terminal  laser  level  in  our  amplifier- 
oscillator  concept,  with  a  rapidly  depleted  low- 
lying  electronic  state  corresponding  to  the  upper 
level  of  the  Na  D-line  transition. 


Oscillator  strengths  for  transitions  among  the 
Na  levels  depicted  in  Fig.  2(a)  are  catalogued  and 
compared  to  T1  in  Table  l.*2  To  an  even  greater 
degree  than  the  T1  and  Ga  systems,  a  near  resonant 
energy  matchup  to  the  receptor  atoms  of  interest 
certainly  prevades  in  the  Na  and  K  systems  where 
both  metastable  SiO  and  GeO  can  be  used  to  energy 
transfer  pump  from  the  3s2S  Na  ground  state  (4s2S 
in  K)  to  the  4d2D  and  5s2S  levels  (5d2D  and 
6s2S...in  K).  In  the  T1  system  laser  action  is 
terminated  through  the  filling  of  the  P3/2  level, 
however,  in  the  sodium  system  (Fig.  2(a))  the 


terminal  laser  level  is  the  extremely  short-lived 
upper  level  of  the  Na  D-line.  The  3p2P  -  3s2S 
transition  is  characterized  by  a  high  oscillator 
strength  facilitating  rapid  loss  of  the  terminal 
laser  level  to  create  ground  state  sodium  atoms 
which  Figs.  2(a)  and  2(b)  demonstrate  are  again 
amenable  to  near  resonant  energy  transfer  pumping. 
While  the  5s2S  and  4d2D  levels  are  not  readily 
accessed  in  an  optically  pumped  transition.  Fig. 
2(b)  demonstrates  that,  using  SiO  metastables 
formed  in  the  Si-N20  reaction,  we  have  now  succ¬ 
essfully  energy  transfer  pumped  Na  atoms  to  the  2S 
and  2D  levels  where  they  subsequently  emit  radia¬ 
tion  at  a  a-  616  nm  and  569  nm  as  they  undergo 
transition  to  the  3p2P  levels.  These  transitions 
are  characterized  by  moderate  to  small  oscillator 
strengths.  The  assessed  Na  cycle  with  its  50*2  to 
100*2  nanosecond  upper  state  radiative  lifetimes 
(vs.  T1  ^Sj/2  at  ^  2nsec.^)  and  short-lived 
terminal  laser  level  would  appear  ideally  suited  to 
obtain  high  duty  cycle  laser  amplifiers  and 
oscillators.  Also,  as  indicated  in  Figure  2(a),  we 
have  obtained  evidence  for  the  energy  transfer  pump 
of  the  Na  3d  2D  level  with  which  is  associated  an 
atomic  emission  at  X  ^  819  nm  ascribed  to  the  Na 
3d2D  -  3p2P  transition.  Both  the  transitions  at 
X  ^  569  nm  (0^*  ^  0.27/cm)*4  and  a  ^  819  nm  (^ 

%  0.04/cm)  demonstrate  gain. 


In  approaching  the  outlined  laser  schemes, 
self  absorption  associated  with  the  Na  D-line  must 
be  considered.  Evidence  is  obtained  for  moderate 
self-absorption  in  the  present  experiments,  however 
concern  with  the  possible  deliterious  effect  which 
such  a  pumping  of  the  Na  D-line  might  have  on 
transitions  terminating  in  the  3p2P  level  is 
greatly  alleviated  by  the  Na  discharge  experiments 
of  Tibilov  and  Shukhtin*2  which  demonstrate  a 
surprising*2  lasing  action  on  the  Na  4s2S  -  3p2F 
transitions  in  the  infrared  region. 

Configuration  for  Gain  Measurement 


Gain  measurements  have  been  carried  out  on  the 
sodium  system  using  three  different  experimental 
configurations.  The  simples’:  of  these  measurements 
uses  the  optical  train  depicted  in  Fig.  3(a)*2 
surrounding  either  a  short  (x  l-2cm)  reaction  - 
energy  transfer  -  amplification  region2’**  or  a 
recently  constructed  ".5cm  amplification  zone 
associated  with  the  larger  scale  cavity  config¬ 
uration  depicted  in  Fig.  4.  The  optical  train 
parallels  the  ingeneous  design  of  Roll  and 
Mentel*2  to  measure  new  laser  lines  in  Se  II 
employing  amplified  spontaneous  emission  (ASE). 

The  gain  coefficient  a,  can  be  calculated  from 

a  -  In  ((I2-I1)/I1RT2)  (4) 

where  L  is  the  effective  gain  medium  length,  1^  is 
the  single  pass  ASE  intensity  and  I2  is  the  double 
pass  ASE  intensity,  R  is  the  mirror  reflectivity, 
and  T  is  the  transmission  of  the  "cavity"  vacuum 
chamber  window  in  front  of  the  mirror  (this  can 
also  be  a  Brewster  angle  window). 


A  second  series  of  more  complex  gain  measure¬ 
ments  have  also  been  carried  out  employing  the 
configuration  depicted  in  Figure  5  and  the  long 
path  length  configuration  depicted  in  Figure  4. 
Here,  we  have  employed  the  output  from  a  sodium 
discharge  lamp  at  '  «  569  nm  to  measure  gain  on  the 
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action,  however,  this  is  by  no  means  the  ideal 
mixing  configuration.  We  are  currently  con¬ 
structing  a  concentric  as  opposed  to  90°  SiO-Na 
intersection  region.  Once  in  place,  this 

whifh8Urati°?ShOUld  further  improve  the  results 
which  we  outline  in  the  following  paragraphs. 

Gain  Measurements 

the  oiti'caf1^  reP"oducib*e  result  obtained  using 
cne  optical  train  depicted  in  Fio  11 e  ■ 

measurement  (Roll-Mentel  configuration 
pond!  t"  Fi8r  6‘  Here>  “"  ««  “)  corres- 

wit!  a  shut1tfieDrSS,ASE  01*  in  Eq'  4)  obtained 
with  a  shutter  placed  in  front  of  the  high  re¬ 
flector  in  Figure  3(a)  whereas  the  scan  (b) 
depicts  the  double  pass  ASE  inran  •*.  /  T  1 

measured  with  the  high  reflector  ojen  ^  ° 

aligned  with  the  gain  medium  (see  below).  The 
coarse  alignment  of  both  the  gain  and  c^ity 

witJ  !UHeNe°r  depiCtad  in  FiS-  3  is  accomplished 
ewitj.  Positioned  *15  feet  from  the 

of  th  s 

ions  for  the  single  and  double  pass  L  outpTis' 
quite  evident  in  Figure  6.  Thewtio  of  tK  Lble 
to  single  pass  intensity  for  the  569  nm  feature 
depicted  in  Figure  6  is  2.6/1,  however  thi« f!  k 
no  means  the  optimal  value  that  has  been  Lhieve^ 
Under  optimal  operating  conditions,  using  a  1"  ‘ 

diameter  99.9Z  high  reflector.18  ^  hav^ach  eved 
conditions  such  that  the  ratio  of  “ 

“•  £  -ir" 

the  rear  high  reflector  is  blocked  ranges 

whichSdently  fr°m  3‘4  t0  3‘8'  11,18  is  a  ratio 

which  demonstrates  clear  gain  and  should  be 

( Na PD - 1  i ne 1  and  h i  fa“°  f°r  P“re  f lu°tescence 
Na  D  line  and  higher  lying  Na  transitions)  which 

is  usually  between  1.1  and  1.2  for  the  Na  D-line 

f luorpS  never  axceeded  1-6  for  any  other  Na 
fluorescence  features,  and  (2)  the  theoretical 
maximum  value  for  the  ratio  expected  for  pure 
luorescence  in  a  high  Q  cavity  which  is  2.  The 
resuits,  obtained  under  conditions  when  the  cavity 
has  not  reached  the  gain  threshold  demonstrate  that 

oath6  ar®  < significant  cavity  losses  over  the  44  cm 
path  of  the  optical  configuration. 

cavif-vVre  CUrr!Tt\y  workin8  to  further  minimize 
cavity  losses.  The  Na  atom  transitions  at  >  569 

n  m  y 


The  mixing  zone  of  Fig.  4  is  grearlv 
stabilized  by  the  moderate  sized  (15  cubic  feet) 
chamh  separatin8  the  15°cm  pump  and  reaction 
(cfSl  h  l  CUrrf  ’ t  90°  intersection  of  the  SiO 
(GeO)  and  Na  atom  flows,  once  stabilized,  can  be 
used  to  clearly  establish  a  continuous  lasing 


nm  ^cavity  ^  0  •  1  *0 . 15/cm) , 

0.03-0.05/cm),  and  A  %  819  nm  (a„  ..  QaQ?5* 

The^a^  hT  311  Sh0Wn  t0  da“°nstrate  gain. 
The  vaiue  of  a  at  569  nm  should  be  compared  to  that 

obtained  using  the  Na  lamp  based  gain  measurement 
technique  and  experimental  configuration  depicted 
in  Fig.  5.  Here  a  bandpass  filter  is  used  to 
select  the  569  nm  output  from  the  lamp.  In  this 
mode  we  determine  a  lower  bound  to  the  gain  per 
pass  at  569  nm  as  the  cross  sectional  area  of  the 
Na  lamp  input  to  the  reaction  zone  considerably 
exceeds  that  of  the  optical  train.  When  the  569  nm 
light  exciting  the  gain  medium  is  focused  onto  the 
entrence  s  it  of  the  spectrometer,  the  measured 
Irea  “  dlluted  by  the  "issmatch  in  cross-sectional 

5Z/oaSS  thmeaTV  calibrated  Sain  in  excess  of 
5Z/pass  through  the  amplification  zone. 


Full  Cavity  Measurements 

We  replace  the  gain  measurement  system  with  a 
full  mirror  laser  cavity  configuration  in  which  the 
output  coupling  ( 1"  diameter  mirror)  exceeds  4.52 
and  we  employ  the  same  1"  diameter  99.92  high 
reflector  as  used  in  the  gain  evaluation  studies. 
With  the  same  gain  medium,  up  to  5  cm  in  length, 
and  a  cavity,  44  cm  in  length,  operating  in  a 
stable  configuration  (gjg2  -  0-56),  we  achieve 
results  which,  to  first  order,  demonstrate  the 
potential  for  cavity  oscillation.  Upon  tuning  the 
output  coupler  and  high  reflector  after  adjusting 
the  mixing  Si,  NjO,  and  Na  flows,  we  achieve  condi¬ 
tions,  at  low  to  moderate  sodium  flux,  such  that 
the  ratio  of  the  full  cavity  output  to  single  pass 
amplification  is  between  20  and  25/1  in  an  appar¬ 
ently  steady  state  mode.  These  experiments  were 
carried  out  using  the  particular  reactive  flow 
configuration  depicted  in  Fig.  4.  The  ratio  for 
full  cavity  enhancement  was  determined  by  blocking 
the  rear  high  reflector  and  measuring  the  output 
relative  to  that  for  the  full  cavity.  Walking  the 
cavity  mirrors  (angle  tuning)  destroyed  the 
amplification.  Upon  realignment,  similar 
increases  in  intensity  at  the  steady  state  value 
were  again  observed.  It  must  be  emphasized  that 
these  results  are  sharply  dependent  on  the  angle 
tuning  of  the  cavity.  By  comparison,  when  using 
the  reaction  -  amplification  zone  configuration  of 
Fig.  4  when  only  a  fluorescent  medium  associated 
with  the  4d2D  -  3p2P  Na  transition  is  formed,  as 
evidenced  by  gain  measurements  at  569  nm  and  at  the 
Na  D-line,  we  find  a  typical  steady  state  enhance¬ 
ment  between  1.2  and  1.4. 

The  4.52  output  coupler  presents  a  sub¬ 
stantial  loss  in  the  present  mode  of  operation. 

If  we  replace  this  output  coupler  with  a  0.22 
output  coupler  and  operate  the  system  under  near 
optimum  reactive  flow  conditions  in  a  stable 
cavity  configuration  with  g^g2  0.82,  we  find  that 
the  ratio  of  the  output  for  full  cavity  operation 
to  that  obtained  with  a  blocked  high  reflector 
(Figure  7)  easily  exceeds  103/1.  Further,  the 
ratio  of  output  power  for  the  4.52  output  coupled 
configuration  to  that  for  the  0.22  output  coupled 
configuration  is  only  1.9/1.  The  corresponding 
ratios  obtained  for  pure  fluorescence  using  the 
0.22  output  coupled  cavity  were  close  to  2  for  a 
number  of  Na  atom  transition  features  and  greater 
than  1.8  for  the  Na  D-line.  These  latter  ratios 
are  typical  of  the  measured  behavior  when 
conditions  in  the  reaction-amplification  zone  are 
such  that  the  cavity  reactive  flow  environment  does 
not  produce  a  gain  condition.  We  have  also 
observed  intermediate  behavior  associated  with  the 
establishment  of  moderate  but  not  optimal  gain 
conditions.  For  these  intermediate  ranges  the 
ratio  of  outputs  is  found  to  vary  from  50  to  200/1. 
These  results  taken  collectively  would  suggest  the 
observation  of  low-level  continuous  oscillation. 

While  the  results  we  have  obtained  are  quite 
promising,  there  is  room  for  considerable  improve¬ 
ment.  It  remains  to  increase  both  the  Si  and  Na 
atom  concentration  in  the  reaction  zone  while 
maintaining  atomization.  This  increase  may  lead  to 
a  leveling  off  and  eventual  loss  of  the  gain  con¬ 
dition  if  self-absorption  on  the  Na  D-line  transi¬ 
tions  becomes  a  dominant  factor  or  SiO  triplet  self 
quenching  begins  to  play  a  deleterious  role. 


Evidence  is  obtained  for  some  self-absorption  at 
high  sodium  concentration  when  the  atom  production 
dominates  the  concomitant  SiO  metastable  produc¬ 
tion;  however,  concern  with  the  possible  deleter¬ 
ious  effect  which  such  a  pumping  of  the  Na  D-line 
might  have  on  transitions  terminating  in  the  3p2P 
level  is  somewhat  alleviated  by  the  Na  discharge 
experiments  of  Tribilov  and  Shukhtin.33 

Extensions  to  Additional  Energy  Transfer  Puaped 
Atoaic  Receptors 

While  our  continued  emphasis  has  been  on  the 
sodium  system  and  the  results  presented  involve  a 
metastable  SiO  pump,  it  is  also  feasible  to  use  GeO 
metastables  for  energy  transfer  pumping.  In  fact, 
we  have  obtained  evidence  that  the  energy  transfer 
pumping  of  the  sodium  analog  potassium  based 
amplifiers  associated  with  the  5d2D  -  4p2P  (X  » 

581,  583  nm),  4d2D  -  4p2P  (X  «  694,  697  nm),  and 
6s2S  -  4p2P  (X  »  691,  694  nm)  potassium  atom 
transitions  might  best  be  accomplished  with  pumping 
by  GeO  metastables .  We  hope  to  pursue  these 
experiments . 


We  have  also  successfully  energy  transfer 
pumped  potential  amplifying  transitions  in  lead 
(Pb),  copper  (Cu),  and  tin  (Sn)  receptor  atoms. 

Two  of  these  systems  are  particularly  intriguing. 
Figure  8  demonstrates  the  results  we  have  obtained 
when  using  SiO  metastables  (Si-N20)  to  pump  lead 
receptor  atoms.  Observed  Pb  transitions  are 
indicated  to  the  right  of  the  figure.  First,  we 
notice  that  self  absorption  involving  ground  state 
Pb  atoms  is  so  dominant  that  no  emission  to  the 
X  3P0  ground  state  is  observed.  Second,  we  find 
significant  pumping  of  both  the  3Sq  and  *Dt  levels. 
The  corresponding  transitions  from  the  3Sq  level 
terminate  in  the  lowest  X  3P2  (531.2  nm)  and  X  3Pj 
(462  nm)  levels.  It  is  thought  that  collisional 
quenching  and  relaxation  of  the  3Sq  level  will  be 
minimal  relative  to  that  of  the  X  ^P  manifold. 

This  may  lead  to  potential  inversions  and  amplifi¬ 
cation  at  X  “  462,  531  nm.'^  The  well  known  lead 
laser  transition  at  X  “  723  nm2®  with  an  A  value 
10®  sec"3  terminates  on  the  3D2  level.  Surpris¬ 
ingly,  we  find  no  evidence  for  this  transition 
which  eminates  from  the  upper  3P^°  level  (Fig.  8). 
We  do  find  evidence  for  the  3Pi°  -  X  3Pj  and  3Pj°  - 
X  3P2  transitions  and  for  the  3D2  -  3P^  transition 
at  733  nm.23  This  suggests  that  the  3P^  -  3D2 
transition  may  be  self-absorbed  due  to  a  sig¬ 
nificant  3D2  population.  If  we  have  observed  the 
manifestation  of  a  substantial  3D2  population  does 
this  result  from  direct  energy  transfer  pumping  or 
is  the  3D2  state  populated  by  the  723  nm  transi¬ 
tion  at  times  considerably  shorter  than  the  time 
scale  for  the  present  observations?  This  must  be 
assessed  in  future  experiments.  The  results 
obtained  for  the  energy  transfer  pumping  of  lead 
atoms  certainly  suggest  the  possibility  of 
additional  amplifier  systems.  It  is  particularly 
encouraging  that  some  of  these  may  represent  four 
level  systems  which  obviate  the  self  absorption 
bottleneck  that  may  plague  the  Si-SiO-Na  system  at 
high  Na  concentration. 

The  near  resonant  energy  transfer  pumping  of 
copper  vapor  is  of  interest  not  only  because  of  the 
close  analogy  which  it  bears  to  the  sodium  and 
potassium  systems  but  also,  as  Figure  9  indicates, 
because  it  is  possible  to  energy  transfer  pump  the 


copper  vapor  laser  transitions22  using  metastable 
SiO  (Si-SiO-Cu  system).  However,  it  is  also  of 
interest  that  the  results  demonstrated  in  Figure  9 
were  obtained  using  an  approach  which  represents  a 
significant  extrapolation  from  the  configuration^ 
in  which  the  "premixed"  Tl/Ge  mixture  has  been  used 
to  obtain  pulsed  amplification  on  the  T1  2S3/2  ~ 
2P3/2  transition.  Here,  Si  and  Cu  were  premixed 
and  co-vaporized  from  a  single  crucible.  The 
resulting  mixture  was  then  oxidized  to  yield  the 
observed  energy  transfer  pumping  spectrum  depicted 
in  Figure  9.  It  is  worth  noting  that  N2O,  used  as 
the  oxidant,  produces  a  dark  reaction  with  copper 
vapor.  We  thus  find  many  intriguing  variations  on 
the  thallium,  gallium,  and  sodium  based  systems 
which  we  intend  to  pursue  in  the  near  future. 

CONTINUOUS  CHEMICAL  LASER  AMPLIFIERS  IN  THE  VISIBLE 
REGION  BASED  ON  HIGHLY  EFFICIENT  AND  SELECTIVE 
CHEMICAL  REACTION 

The  optical  signatures  for  the  processes 

Na3  +  Cl.Br.I  -»  Na2*  +  NaX  (X  =  Cl.Br.I) 

encompass  emission  from  a  limited  number  of  Na2 
band  systems.  Surprisingly,  the  observed  emission 
is  characterized  by  sharp  well  defined  emission 
regions1  (Figures  10,11)  superimposed  on  a  much 
weaker  perceptible  and  analyzable  Nao  background 
fluorescence.  As  Fig.  11  demonstrates,  these  sharp 
emission  features  are  not  readily  explained  by 
invoking  a  purely  fluorescent  process. * 

The  sharp  nature  of  several  of  the  B-X,  C-X, 
and  C'-X  Na2  fluorescence  features  (Fig.  10), 
their  correlation  in  certain  regions  to  the 
emission  characteristic  of  optically  pumped  Na2 
laser  systems22  (ex:  528.2  nm  (v',v")  «  (6^14) 
B-X),  and  the  near  exponential  growth  of  these 
features  relative  to  the  background  Na2 
fluorescence  spectrum  with  increasing  Na3 
concentration,  suggested  the  possibility  that 
stimulated  emission  might  be  associated  with 
certain  of  the  emitting  Na2  reaction  products. 

Laser  gain  measurements  have  been  carried  out  to 
assess  this  possibility. 

In  order  to  carry  out  the  gain  studies,  we 
further  developed  (Fig.  12(a))  a  unique  source 
configuration  which  allows  the  supersonic 
expansion  of  pure  sodium  vapor  to  create  a  Na3 
concentration  not  previously  attained  in  a 
reaction-amplification  zone.  Using  argon  ion 
pumped  dye  lasers  to  study  the  Na3  +  Br  reaction  we 
have  scanned  (Fig.  12(b))  the  entire  wavelength 
region  from  420  to  600  nm  (Figure  10)  in  "  3  nm 
intervals  at  0.5  cm”*  resolution  (FWHM)1  and  the 
regions  around  527  nm  and  460  nm  (Fig.  11)  at  0.007 
cm*1  resolution  using  a  ring  dye  laser.1  We  find 
that  laser  gain  and  hence  amplification  is  associ¬ 
ated  with  very  limited  regions  of  the  spectrum,  the 
observations  suggesting  that  several  of  the  sharp 
emission  features  apparent  in  Figure  10  correspond 
to  a  stimulated  emission  process  and  to  the  estab¬ 
lishment  of  a  population  inversion.  Our  ring  dye 
laser  studies  demonstrate  that  the  strong  feature 
at  •  '  527  nm  (Fig.  11)  appears  to  result  from  a 
stimulated  emission  process  involving  between  four 
and  seven  unresolved  rotational  levels. 

Optical  gain  through  stimulated  emission  has 


been  measured  at  0.5  cm”1  resolution  in  the  regions 
527  nm  (1Z  gain),  492  nm  (0.3Z  gain)  and  460.5  nm 
(0.8Z  gain),  correlating  precisely  with  the  reac¬ 
tive  process  and  the  relative  intensities  of  those 
features  observed  while  monitoring  the  light 
emitted  from  the  Na3-Br  and  Na3-I  reactions  (Figs. 
10,11).  High  resolution  ring  dye  laser  scans  in 
the  527  nm  region  indicate  that  the  gain  for  the 
system  is  a  minimum  of  3.8Z  for  an  individual 
rovibronic  transition  with  approximately  four  to 
seven  individual  rotational  transitions  showing 
gain.  At  459.8  nm  we  have  measured  a  2.3Z  gain  for 
an  individual  rotational  transition.  These  results 
demonstrate  the  continuous  amplifying  medium  for  a 
visible  chemical  laser  in  at  least  three  wavelength 
regions.1  At  no  other  scanned  wavelengths  have  we 
observed  gain.  In  fact,  in  scanning  the  420-600  nm 
region,  we  generally  observe  slight  losses  of  the 
laser  photon  flux  due  primarily  to  scattering  (to 
only  a  negligible  extent,  absorption)  on  transit 
through  the  Na3-Br  reaction  zone.  In  the  region  of 
the  sodium  D-line,  a  substantial  absorption  and 
hence  loss  is  monitored  as  a  function  of  the 
trimer-halogen  atom  reaction. 

Because  of  the  low  Na3  ionization  potential 
and  the  high  halogen  electron  affinities,24  the 
Na3-halogen  atom  reactions  are  expected  to  proceed 
via  an  electron  jump  mechanism  with  extremely  high 
cross  sections,26  producing  substantial  Na2  excited 
state  populations.  The  question  of  why  the  Na3-X 
reactions  appear  to  demonstrate  vibrational  and 
rotational  selectivity  associated  with  certain 
wavelength  regions  may  be  dealt  with  by  invoking  a 
model  for  the  dissociative  ionic  recombination, 

Na3+  +  X'  -*  Na2  +  NaX,  and  the  curve  crossings 
which  influence  the  distribution  of  product 
molecules  for  this  process.26  This  model,  coupled 
with  an  analysis  of  the  electronic  coupling  between 
select  sodium  dimer  excited  states26,  may  provide  a 
semiquant itative  explanation  of  the  observed 
population  inversions. 

The  created  population  inversions  monitored 
thusfar  are  thought  to  be  sustained  by  the  large 
number  of  free  halogen  atoms  reacting  with  the  Na2 
molecules  in  those  ground  state  levels  on  which  the 
transitions  emanating  from  the  Na2  excited  states 
terminate  and  collisional  relaxation  of  the  ground 
state  sodium  dimer  molecules.  The  cross  section 
for  reaction  of  vibrationally  excited  ground  state 
Na2  is  expected  to  be  quite  substantial  relative  to 
the  cross  section  for  collision  induced  vibrational 
deactivation  of  the  Na2  manifold.  Extremely 
efficient  reactions  greatly  assist  the  depletion  of 
the  lower  state  levels  in  this  system  allowing  one 
to  sustain  a  continuous  population  inversion. 

Our  major  efforts  thusfar  have  focused  on  the 
Na2  B-X  spectral  region  and  the  potential  develop¬ 
ment  of  laser  oscillators  at  wavelengths  in  the 
vicinity  of  527  and  460  nm.  In  order  to  approach 
these  studies  we  are  developing  the  means  to  create 
a  considerably  longer  path  length  amplification 
region.  This  effort  is  outlined  in  the  following 
section.  We  are  also  concerned  with  the  exten¬ 
sion  of  these  studies  further  into  the  ultraviolet 
region  primarily  as  they  access  states  of  con¬ 
siderably  longer  radiative  lifetime. 

The  Nao  ■'395,  ^-365,  and  ^350  nm  emission 
regions  depicted  in  Fig.  13  represent  a  portion  of 


the  optical  signature  for  the  NarBr  reaction. 
Ih!r/re  lntreSt  f°r  they  c°trespond  again  to 

w^ak  backero^  ^!reS  superi“P°«d  on  a  broader 
kg  ?Und‘  Thelr  aPPearance  cannot  be 
readily  explained  in  terms  of  an  easily  understood 

LsoceSrT  Pr°?6SS-  The  feat^es  are'  tentatively 
associated,  at  least  in  part  with  a  very  recently' 

(2ljl+e-  $lrbit  e«ited  electronic  state^7 

raH  of-  ,  .8  ’  °‘  tbe  sodium  dimer  molecule.  The 
radiative  lifetimes  associated  with  this  double 
minimum  state  are  complex  and  longer  (  -40ns)  than 
those  associated  with  the  Na,  B-X  region.  The  e 
longer  lifetimes  might  be  used  advantageously  to 

cavity6  energy  storage  in  a  laser 

ar  This ,  m  turn,  suggests  that  the  laser 

rllia  J  y  performed  1"  the  visible 

region  should  be  extended  in  order  to  assess  the 
feasibility  of  using  2  +  -  y  +  +  . .  . 

ll.  _  ,  K  4  transitions  as 

tie6  :itr^io1etlaSer  “PUf1*”  *"«> 

f  “  Kxtended  Path  Length  Na3  - 
X  (Cl.Br.I)  Reaction  -  Amplif ication  Zone3 

tude  of  tHSire  COnsiderably  improve  the  magni- 
5  lflCati0"  demonstrated  previously 

L  n‘™  ^™er  ^Plifiers  at  %  527,  ,.492,  and 
•  *60  nm.  The  apparatus  depicted  in  Figure  12 
now  produces  a  substantial  Na3  concentration 
{>-  0  /cc)  albeit  in  a  limited  reaction- 

amplification  zone.  In  order  to  demonstrate 
continuous  chemical  laser  oscillation,  however,  it 
is  desireable  to  create  an  enhanced  sodium  trimer  - 

reaCtion  zone  not  only  in  terms  of 
reactant  concentration  but  also  with  respect  to  the 
amplification  zone  path  length.  The  overall 

acromnHtUr  d*;S  18n .  dep ic  ted  in  Figure  14  is  meant  to 
accomodate  high  intersecting  reactant  flows  from 

both  sodium  trimer  and  (dual  rotatable)  halogen 
atom  sources  in  order  to  produce  a  considerably 
enhanced  concentration  of  Na2  amplifiers  over  a 
significantly  extended  path  length  relative  to  that 
previously  obtained.  With  this  ultimate  goal,  we 
are  constructing  a  system  which  attempts  to 

concent6  t^  ^  reaction  *  amplification  zone 
concentration  by  repositioning  the  trimer  and 

halogen  atom  sources  relative  to  each  other  and 

oCt\  aa"?.the  halogenation  process  much  closer 
to  the  alkali  nozzle  itself,  in  a  gas  dynamic 

fn  1®uratlon-  We  also  incorporate  the  facility 
tor  the  in-situ  adjustment  of  the  alkali  and 
halogen  source  positions.  This  includes  the 
a  ility  to  rotate  dual  aikali-trimer-f low- 

?4fh7aw^?ihal°8en  at0m  slit  sources  (Figs. 

14(b),  14(d))  so  as  to  optimize  flow  mixing. 

and  o!^n  Mr3"5,.0*  increasin8  the  reaction  zone 
and  gain  length  we  have  developed  and  are  testing  a 

continuous  flow  slit  source  technology  to  create 
at  least  a  5cm  !ong  amplification  zone. 


,,  Figure  14(a)  exemplifies  in  schematic  one  of 

wMch°w6rat?i temperature  slit  source  configurations 
hich  we  will  use  to  supersonically  expand  either 

pure  or  seeded  sodium  vapor.  These  slit  sources 
have  a  capacity  between  four  and  eight  times  that 
ol  the  design  diagrammed  in  Figure  12. 1  The  small 
circular  "pinhole"  nozzle  used  in  the  design  of 

inn6"  12  afi,nr  ^eplaced  bV  a  slit  approximately 
lOOu  in  width  by  2  1/2"  in  length.  The  overall 
design  pictured  in  Fig.  14(a)  in  side  and  partial 
frontal  view  corresponds  to  a  full  seeded  config¬ 
uration.  Here  helium  or  argon  can  be  passed 


cnrougn  the  diverging  gas  source  assembly,  flowing 
over  molten  sodium,  the  mixture  then  being  ex¬ 
panded  through  the  frontal  nozzle  slit  configura¬ 
tion.  In  a  pure  sodium  supersonic  expansion,  the 

18  d0Dinated  by  a  much  larger  atom 
and  cold  dimer  concentration. 29  These  constituen¬ 
cies  do  not  interfere  at  the  Na2  amplifier  wave¬ 
lengths  characteristic  of  the  Narhalogen  atom 
reaction  systems,  however,  it  is  desireable  to 
minimize  the  atom  and  dimer  while  increasing  the 
tnmer  concentration.  The  trimer  concentration  can 
be  altered  and  improved  through  an  appropriate 

shift^onrb°^the  Supersonic  expansion  conditions 
shifting  the  distribution  to  higher  sodium 

polymers.  By  seeding  the  expansion  with  helium 

£38-“  °th"  "°ble  8-  a‘°-  several  resea^- 
ers  have  demonstrated  that  the  atom  and  dimer 
concentrations  can  be  made  quite  small  relative  to 
the  much  larger  sodium  polymers.30  We  do  not  wish 
to  operate  at  these  extreme  expansion  conditions 
Put  rather,  seek  a  middle  ground  which  will  aliow 
us  to  produce  primarily  the  trimer  and  a  few  iarger 
clusters.  This  condition  can  be  accomplished 
through  the  appropriate  adjustment  of  parameters 
which  can  be  manipulated  in  the  expansion  including 

i-  i  °Ven  sta8"ation  pressure  (argon  + 

sodium),  (2)  the  frontal  nozzle  temperature,  and 
(3)  the  ratio  of  the  supersonic  expansion  source 
pressure  to  the  overall  expansion  chamber  pressure. 

The  oven  stagnation  chamber  capacity  of  the 
slit  source  depicted  in  Figure  14  considerably 
exceeds  that  of  the  design  indicated  in  Fig.  12. 

The  rear  stagnation  oven  and  frontal  nozzle  unit 
operate  independently  and  are  heated  using  separate 
wrappings  of  thermocoax.  The  slit  attachment 
depicted  in  the  figure  is  a  single  unit.  Although 
anticipate  that  this  slit  configuration  and  its 

runi  TT*  t  operate  for  several  experimental 
runs,  we  have  also  constructed  recyclable  slit 

designs  which  employ  replaceable  razor  blades  to 
create  the  desired  expansion  orifices.  The  slits 
which  will  be  described  elsewhere,28  use  a  double’ 
pressure  fit  construction  connected  to  the  nozzle 
channel. 


In  the  overall  experimental  design  depicted  in 
igure  14,  the  sodium  slit  source,  connected  to  a 
liquid  nitrogen  cooled  bulkhead  apparent  in  the 
figure,  is  positioned  relative  to  the  dual  halogen 
slit  sources  located  above  and  below  what  we  envi¬ 
sion  as  the  position  of  an  alkali  sheath  created 
upon  expansion  from  the  alkali  slit  source.  The 
halogen  atom  slit  sources  constructed  from  T6 

f^nnv^6  C3n  66  heated  to  temperatures  in  excess  of 
1500K  to  insure  the  efficient  dissociation  of 
halogen  molecules.  They  are  designed  to  optimize 
the  interaction  of  the  alkali  trimer  and  halogen 
atoms  over  the  entire  width  of  the  intersecting 
reactant  sheaths  created  as  the  dual  halogen  flow 
intersects  the  alkali  constituency.  The  optical 
train  defining  the  laser  cavity,  encompassed  on 
each  end  by  self  cleaning  optical  windows  as 
indicated  in  Fig.  14(b),  is  parallel  to  the 
intersection  of  the  alkali  and  halogen  flows.  This 
reaction  zone  cavity  configuration  is  designed  to 
a  ow  or  1)  short  transit  of  the  reactants  Na->  and 

f,  ’uf’  1  t0  the  reaction  *  amplification  zone, 
2)  flexible  movement  of  these  sources  with  respect 
to  each  other  and  with  respect  to  the  flow  patterns 
created  in  the  system  and  3)  minimal  interaction  of 
these  reactants  with  laser  cavitv  windows.  To 


insure  this  minimal  interaction,  the  self-cleaning 
optical  windows  noted  previously7  are  used. 

The  reaction  2°ne  is  to  be  evacuated  through  a 
35  cubic  foot  ballast  tank  followed  by  a  1250  CFM 
Stokes  -  Roots-Blower  combination.  The  reaction 
zone  and  cavity  chamber  can  be  isolated  from  the 
ballast  +  pump  combination  using  a  gate  valve 
assembly.  This  assures  the  capability  for  ready 
separation  of  the  cavity  after  a  run  and  facili¬ 
tates  leak  testing  and  repair  of  the  isolated 
cavity  using  a  considerably  smaller  pumping  system. 
The  cavity,  itself,  is  mobile  and  can  be  removed, 
after  experimentation,  for  cleaning. 

Through  a  repositioning  of  the  alkali  and 
halogen  reactant  sources  to  close  proximity,  one 
can  create  a  significant  improvement  in  the  Nan 
concentration  in  the  reaction  zone  over  that  which 
already  produces  a  concentration  of  Na2  necessary 
to  obtain  amplification.  This  is  further  improved 
with  the  large  capacity  sodium  slit  source 
configuration.  While  it  will  be  possible  to 
operate  the  new  cavity  with  a  pure  metal  supersonic 
expansion  for  periods  at  least  comparable  to  those 
used  previously,  a  notable  additional  improvement 
is  obtained  by  converting  the  system  to  high  metal 
mole  fraction  seeded  supersonic  mixed  sodium-helium 
(argon)  expansion  so  as  to  substantially  increase 
the  sodium  trimer  concentration  relative  to  that 
obtained  in  pure  sodium  expansion. 

Extension  of  the  Na3  -  X(Cl,Br,I)  Amplifier  Concept 

The  Na2  amplifiers  which  we  have  characterized 
in  the  visible  region  operate  on  bound-bound 
transitions.  It  is  not  difficult  to  envision  an 
extrapolation  on  the  Na3  -  X  reaction  concept 
which  involves  the  alkaline  earth  metal  trimers  and 
the  formation  of  excited  state  dimers  which  can 
undergo  bound-free  excimer  transitions.  With  this 
focus,  we  are  attempting  to  generate  the  M2  excimer 
analogs  of  the  Na2  laser  amplifiers  discussed 
previously.  The  ground  electronic  state  of  Mg2  is 
very  weakly  bound,32  however,  detailed  calculations 
suggest  the  Mg2  -  Mg  bond  strength  may  be  on  the 
order  of  0.6  eV,33  quite  comparable  to  that  of  Na3. 

We  are  now  forming  magnesium  molecules,  specifi¬ 
cally  Mg2  and  Mg3,  and  observing  the  excited  state 
products  of  their  oxidation  with  F  and  Cl  atoms.  A 
halogen  atom  discharge  source  which  we  have 
developed  to  study  the  Bi2  +  F  reaction34  is  being 
used  to  investigate  the  Mg2-F,  Mg3-F,  Mg7-Cl,  and 
Mg3-Cl  reactions.  These  studies  will  soon  be 
extrapolated  to  the  heavier  alkaline  earths, 

^ax  ~  ^ax'  17,0  date,  we  have  not  observed  strong 
Mg2  emission  from  the  Mg3  -  F,C1  reactions, 
however,  surprisingly,  preliminary  results  on  this 
system  signal  the  formation  of  excited  state  Mg  F 
and  MgxCl  charge  transfer  complexes  where  x  is  most 
likely  two.  Although  we  have  not  yet  demonstrated 
the  potential  for  forming  an  Mg2  based  excimer 
amplifier  laser  system,  the  creation  of  a  long- 
lived  MgxF  complex  suggests  that,  with  some 
modification,  this  may  be  feasible. 

The  Na2  amplifiers  which  we  have  demonstrated 
have  been  studied  using  the  unique  but  not  optimal 
source  configuration  depicted  in  Figure  12  which 
allows  the  supersonic  expansion  of  pure  sodium 
vapor  to  create  a  Na3  concentration  not  previously 
attained  in  a  reaction  -  amplification  zone.  In 


excess  of  100  grams  of  sodium  are  expended  through 
a  small  nozzle  orifice  (<  0.020")  on  a  time  frame 
of  -  20  minutes  to  create  a  trimer  reaction  zone 
concentration  well  in  excess  of  10*3/cc.  These 
concentrations  have  been  generated  from  a  source 
positioned  -\. 13.5  cm  from  the  reaction  - 
amplification  zone  which  is  within  one  centimeter 
of  the  halogen  atom  source.  While  this  device  mav 
not  be  optimal  for  producing  a  chemical  laser 
oscillator,  it  can  be  used  to  assess  the  potential 
for  chemical  laser  amplifiers  from  the  reactions  of 
the  lighter  alkali  metal  trimer,  lithium,  or  to 
evaluate  the  extension  of  the  oxidant  range  to 
fluorine  atoms.  We  have  modified  the  apparatus  for 
operation  with  molecular  and  atomic  fluorine  by 
installing  a  multistage  alumina  trap  backed  by  a 
150  CFM  Kinney  pump.  Further,  in  order  to  operate 
with  fluorine,  we  find  that  the  carbon-based  oven 
dissociation  sources  used  with  the  heavier  halogens 
must  be  modified  using  nickel  tubing  inserts. 
Finally,  we  have  constructed  molybdenum  based 
double  oven  lithium  supersonic  expansion  sources  in 
order  to  test  the  viability  of  lithium  trimer- 
halogen  atom  reactions  as  a  means  of  producing 
lithium  dimer  chemical  laser  amplifiers. 
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Table  I 

Transition  Probabilities  Among  Select  Low-Lying  States 
of  Atomic  Sodium3  and  Thallium^ 


Transition  Composite  Einstein  A.  Coeff.  Averaged  Oscillator  Strength,  f 


0.0137 
0.  106 
0.982 


a.  See  References  13. 

b.  Estimated  on  the  basis  of  data  in  Refs.  13. 

c.  Radiative  lifetime  on  order  of  1  second,  J.  Wiesenfeld,  private  communication. 


(c) 

Figure  1(a):  Tr  atom  energy  levels. 

Figure  1(b):  T;.  7  2Sj/2  ‘  6  2p3/2  (535.  lnm)  superfluorescence  observed  at  a 

signal  trigger  level  of  0.2V  (fluorescent  level  ‘v  0.045V).  The 
trigger  of  the  superf luorescence  is  by  signal  level  and  not  by 
reactant  mixing  which  occurs  on  a  much  longer  time  scale.  The 
measured  FWHM  is  ?  5  nsec  compared  to  T  ■  7.5  n-sec,  the  radiative 
lifetime  of  the  7  Sj/2  level.  A  return  to  the  fluorescence  level 
is  seen  subsequent  to  the  superf luorescent  pulse.  No  such  super- 
fluorescent  pulse  is  associated  with  the  T  7  2S, -  6  2p, ,, 

(377. 7nm)  transition.  1/2  3/2 

Figure  1(c):  T..  7  ‘Sj/2  -  6  2P3/2  (535.  lnm)  superf  luorescent  oscillation 

observed  with  full  laser  cavity  configuration.  The 
superfluorescence/fluorescence  ratio  (fluorescence  following  self 
“termination  of  lasing  action)  is  now  in  excess  of  100. 
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(b) 


Figure  2(a):  Na^atom  energy  level  scheme  and  pumping  cycles  to  produce  4d2D  and 
5s_S  excited  states. 

Figure  2(b):  Typical  energy  transfer  pumping  spectrum  for  Na  4d2D  -  3p2P  and 
5s-S  -  3p-P  transitions  and  3pZP  -  3s2S  sodium  D-line  emission. 

The  D-line  emission  results  both  from  direct  energy  transfer 
pumping  from  ground  state  NoO  and  from  fluorescence  to  the  3p2P 
level. 


Gain  Measurement 
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Figure  3(a):  Gain  measurement  configuration  after  Roll  and  Mentel  (ref.  16). 

The  region  marked  L  in  the  figure  corresponds  to  the  reaction  - 
amplification  zone. 

Figure  3(b):  Laser  cavity  configuratin  to  characterize  potential  oscillation  in 
the  Si-SiO-Na  system  at  569  and  616nm. 


Overall  Apparatus  Configuration 


Figure  4:  (a)  Schematic  of  reaction  chamber  and  windows  defining  optical  train 

ballast  tank  to  moderate  pumping  fluctuations,  and  pumping 
configuratin  for  extended  path  length  Si-SiO  (Si-^CO-Na  reaction 
amplification  zone.  (b),(c)  Side  and  overhead  views  of  reaction 
chamber  showing  positioning  of  Si  oven  source,  relative  locations  of 
Si  and  Na  oven  sources,  oxidant  injection  system,  and  relative 
positions  of  these  devices  with  respect  to  the  optical  train. 

(d),(e)  Closeup  view  of  silicon  and  sodium  oven  assembles. 


Chopper  Self-cleaning  Windows  Pump  Self-cleaning  Window* 


Figure  5:  Schematic  of  Na  lamp  based  gain  measurement  configuration.  Single 

mode  high  resolution  dye  laser  gain  studies  can  also  be  accomplished 
with  this  configuration  by  substituting  the  output  from  a  ring  dye 
laser  for  the  sodium  lamp  and  bandpass  filter.  The  cross 
sectional  area  of  the  sodium  lamp  output,  input  to  the  reaction  - 
amplification  zone,  greatly  exceeds  that  of  the  ring  dye  laser. 


Figure  6(b):  Double  pass  continuous  amplified  spontaneous  emission  (ASE) 

intensity  ( X 2 ^  measured  also  using  the  gain  configuration  depicted 
in  Fig.  3(a)  for  the  Si-SiO-Na  system.  The  ratio  of  the  It/Ij 
intensity  for  the  569nm  Na  emission  feature  is  2.6/1  for  this 
individual  study  and  can  approach  3.8/1  under  optimal  conditions 
for  the  system. 


Figure  7:  Full  cavity  output  created  with  "-0.2Z  output  coupling  for  the 

continuous  Si-SiO(Si-N20)-Na  amplifier  at  ,'-569nm.  These  measurements 
were  taken  in  continuous  flow  with  the  cavity  configuration  depicted 
in  Fig.  3(b).  The  full  cavity  output  is  compared  to  that  obtained 
with  both  a  blocked  high  reflector  and  with  the  entire  cavity  isolated 
from  the  signal  detection  system.  The  ratio  of  the  output  obtained 
for  the  full  cavity  to  that  obtained  with  a  blocked  high  reflector 
exceeds  10^/1. 
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Figure  8: 


Comparison  of  lead  -  SiO  (aV.b3:)  near  resonant  energy  transfer 

N2P0  /sio*  m0lec“les  were  created  in  the  reaction  Si  + 

2  oiu  ^2-  la;  The  spectrum  corresponds  to  a  nnrt -u  e-o 

metastable  emission  spectrum  before  lead  atoms  are  brought  into  the 
reaction  zone.  (b)  Spectrum  recorded  with  high  Pb  fluxY  1  torr 
por  pressure)  showing  the  manifestation  of  energy  transfer 
to  produce  electronically  excited  3P°  3Sa  and  lr^  i  ,  r  pumping 


APPENDIX  B 

STOP  BAR  CONTROL  SYSTEM 
MANUFACTURER'S  DESCRIPTIVE  MATERIAL 


STOP  BAR  CONTROL 

SURFACE  MOVEMENT  GUIDANCE 

BRITE- 


A  Siemens  Company 


12271 


COMPLIANCE  WITH  STANDARDS  ^ 
ICAO  :  In  compliance  with  recommendations  for 
A-SMGCS. 

FAA  :  Approved  lor  use  as  Stop  Bar  control  and 

monitoring  system  according  to  AC  150/5340- 
XX  dated  May  12.  1992  ;  manufactured  to 
current  version  ol  Advisory  Circular  120-57.  | 

In  full  compliance  with  the  A-SMGCS  ASTA 
V  concept.  ) 


USES 


Today  there  is  a  growing  need  for  a  ground  movement  guid¬ 
ance  and  control  system  to  prevent  incursions  onto  an  active 
runway  and  collisions  between  aircraft,  especially  during 
conditions  of  low  visibility. 

The  ADB  BRITE  System,  an  addressable  electronic  module, 
is  an  essential  component  in  surface  movement  and  guidance 
controj  systems  (SMGCS). 

It  provides  a  basis  for  selective  control  and  monitoring  of  a 
single  light  or  group  of  lights  plus  a  variety  of  aircraft  sen¬ 
sors.  The  location  of  individual  lamp  failures  can  also  be 
monitored. 

Since  there  is  no  requirement  to  install  separate  commu- 
mDiTcv08  ■'  ^*e  Bidirectional  Series  Transceiver  system 
(BRITE)  provides  true  bi-directional  communication  on  new 
and  existing  airfield  fighting  series  circuits. 

SALIENT  FEATURES 


•  True  bi-directional  communication  on  series  circuit  is 
provided  without  requiring  separate  cables. 

•  fjay  be  retrofitted  into  any  existing  series  circuit  system. 
High  communications  rate  between  the  Master  and  anv 
Remote  BRITE  (4800  Baud). 

•  High  degree  of  communications  reliability  through  the 
use  of  CRC16  (Cyclic  Redundancy  Check)  error  check¬ 
ing  on  communications  signal  between  Master  and 
Remote  BRITE. 

•  Extremely  rugged  surge  protection  provided  on  aD 
external  wiring  connections  of  Master  and  Remote  units. 

•  One  Master  can  communicate  with  up  to  255  Remotes. 

•  Remote  BRITE  designed  to  meet  the  1 5000 V  DC  primary 
dielectric  strength  requirement  given  in  the  FAA  L-830/ 
L-831  isolation  transformer  specification. 

•  Strong,  waterproof  (NEMA  6P  rated)  construction 
allows  the  Remote  BRITE  to  be  placed  at  any  L-867/L-868 
base  location  on  the  airfield. 

•  Test  port  is  available  to  test  Remote  BRITE  in  the  field. 

•  Re-enterable  construction  of  Remote  BRITE  allows 
reduced  maintenance  costs  in  comparison  with  resin-filed 
units. 

•  50  Hz  or  60  Hz  operation. 


SYSTEM  DESCRIPTION 

A  typical  BRITE  system  may  have  the  following  com¬ 
ponents  (Fig.  4): 

•  Master  BRITE  (Fig.  1) 

•  Remote  BRITE(s)  (Fig.  2) 

•  Presence  sensors/detectors  (Fig.  3) 

•  Bypass  Unit(s)  (Fig.  7) 


‘Patents  pending. 
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Normally  the  BRITE  system  k  used  k  conjunction  with  an 
Airport  Lighting  Computer  System  (ALCS),  also  shown  on 
fig.  5.  will)  the  following  components: 

Tower  Control  Panel 

Serves  as  the  primary  operator  interface  with  the  BRITE  sys¬ 
tem.  It  can  be  a  conventional  FAA  L-821  control  panel,  a 
pushbutton  panel  or  a  touch-sensitive  screen. 

The  conventional  mimic  diagram  using  lamps  or  LED’s  as 
indicators  or  optical  fiber  may  be  replaced  by  a  CRT  monitor. 

Tower  Computer 

•  Translates  operator  inputs  into  airfield  Sighting  commands. 
It  continuously  scans  the  control  panel  settings  and  de¬ 
cides  which  Eghls  should  be  controlled  and  !o  what  circuit 

they  belong. 

It  then  transmits  the  commands  to  Bis  AFL  Substation 

Controller  (Vault  Computer). 

•  The  Tower  Computer  also  eoleefo  fault  and  other  data 
from  the  AFL  Substation  and,  after  processing,  sends  a 
status  report  to  the  Tower  Control  Pane!  and  to  the 
Maintenance  Center  Computer  if  provided. 

AFL  Substation  Controller  (Vault  Computer) 

•  Its  main  task  k  to  transmit  the  commands  received  from 
the  Tower  Computer  to  the  Master  BRITE  and  to  the 

CCR'g. 

It  will  also  transfer  to  the  Tower  Computer  the  back  indi¬ 
cation  signak  received  from  the  Remote  BRITE’s  via  the 
Master  BRITE. 

°  In  case  of  communication  failure  between  the  Tower  and 
AFL  Substation  Computers  (Vault  Computers),  the  latter 
will  set  ail  CCR’s  to  a  pre-dekned  Tail- safe"  setting.  Each 
Remote  BRITE  wiT!  also  revert  lo  a  pre-delined  "(ail-safe’ 

setting. 


Presence  Sensors  and  Detectors 

Various  types  of  presence  sensors: 

-  Microwave 

-  Piezoelectric 

-  Inductive  loop 

etc- 

may  be  controlled  and  monitored  by  a  Remote  BRITE. 
Automatic  control  and  monitoring  of  tariway  stop  bars  and 
taxiway  centerline  Sghts  k  thus  possible  and  can  be  incorpo¬ 
rated  into  the  ALCS.  The  system  can  then  be  incorporated 
as  a  subsystem  into  a  Surface  Movement  and  Giidartce 
Control  System  (SMGCS). 

Optionally 

A  computer  and  a  CRT  monitor  are  installed  at  the  Mainte¬ 
nance  Center. 

The  main  purpose  of  the  Maintenance  Cenler  Computer  is 
to  colled  information  for  statistics  and  maintenance  planning. 
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Figure  9:  Copper  -  SiO  (a3S+,b3n)  near  resonant  energy  transfer  spectra 

generated  from  a  "premixed"  Si-Cu  mixture  subsequently  oxidized  with 
N2O.  (a)  Spectrum  showing  a  portion  of  the  SiO  metastable  emission, 
the  Cu  2P3/2  *  2d5/2  blue  green  emission  line  (copper  vapor  laser)  and 
the  Cu  2P3/ 2  1/2  '  *d3/2  yellow-orange  emission  features,  (b)  Energy 
levels  for  t?ie  copper  atom  with  observed  transitions  as  indicated  in 
(a).  See  text  for  discussion. 


Figure  10:  Chemiluminescent  emission  resulting  from  the  reaction  Na,  +  X  -  Na, 

•  t'u  With ®r'I-  The  spectra  display  sharp  fluorescence  features 
in  e  visible  at  527  ,  492,  and  460. 5nm  superimposed  on  a  broader  Na, 
background  emission.  * 


Figure  11: 


S  SI  Tv  f  (a),observed  and  (b)  calculated  emission  spectra  for 

to  thl2rhl  f?miSS10n  SyStr-  exPer*mental  spectrum  corresponds 
to  the  chemiluminescence  from  the  NarBr  reaction.  The  calculated 

loon*1™’  1Ch  Was  obtained  for  a  rotational  temperature,  T„,  ? 
1000K,  represents  an  estimate  of  effective  rotational  temperltSres  in 

It  Cuil-hPerat  Sin8i6  Collision  conditions  and  therefore  not 

at  equilibrium.  Relative  vibrational  populations  input  for  Na,  B-X, 
v  -  0-6  were  m  the  ratio  1-00:1.17:1.33:1.50:1.67:1.54. 


Figure  1 


a 


Schematic  of  (a)  apparatus  for  the  study  of  the  chemiluminescent  Na-, 
x  reactions  and  (b)  the  arrangement  of  the  experimental 
configuration  for  measuring  gain  from  the  Na3  -  X  metathesis. 


2-X 


Chemiluminescence  from  the  reaction  Na3  +  Br  -»  Na2*  +  NaBr.  The 
spectrum  is  dominated  by  the  Na2  C  1HU  -  x  1£g+  and  2  1L  -  X  + 
emission  features.  u  ® 


Figure  13: 


Figure  14: 


Schematics  °f  upscaled  Na3-halogen  atom  reactive  flow  configuration 
(a)  Schematic  of  sodium  slit  source  configuration  with  argon 

views  1^euDSca?eddeV1Cr-f°r  "eded  exPansion-  <b).(c)  Front  and  sid 
lews  of  upscaled  react ion- vacuum  chamber  configuration  showine 

positions  of  halogen  and  sodium  sources,  (d)  Schematic  of  upscaled 

vacuum  chamber  and  pumping  configurations.  See  text  for  discussion 


APPENDIX  Vm 


"Evidence  for  Continuous  Visible  Chemical  Lasing  from  the  Fast  Near  Resonant 
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Evidence  for  Continuous  Visible  Chemical  Lasing 
from  the  Fast  Near  Resonant  Energy  Transfer 
Pumping  of  Atomic  Sodium 

K.  K.  Shen,  H.  Wang,  and  J.  L.  Gole 


Abstract— Energy  transfer  from  selectively  formed  metasta¬ 
ble  states  of  SIO  is  used  to  pump  sodium  atom  laser  amplifiers 
at  X  *  569  nm  (4J2D-3p2/>),  X  *  616  nm  (Ss1S-ip1P),  and  X 
*  819  nm  (3</2D-3p2P).  The  a3L*  and  b}Tl  states  of  SiO  are 
generated  in  high  yield  from  the  Si  +  N20  -  SiO  +  N2  reac¬ 
tion.  The  energy  stored  in  the  triplet  states  is  transferred  in  a 
highly  efficient  collisional  process  to  pump  sodium  atoms  to 
their  lowest  excited  3 d2D,  4d*D,  and  Ss*S  states.  Adopting  a 
sequence  in  which  high  concentrations  of  silicon  and  sodium 
atoms  are  mixed  and  oxidized,  we  monitor  a  continuous  ampli¬ 
fication  (gain  condition)  which  suggests  the  creation  of  a  pop¬ 
ulation  inversion  among  the  receptor  sodium  atom  energy  lev- 
ek  and  forms  the  basis  for  full  cavity  oscillation  on  the  Na  4d 1D- 
3 P  P  transition  at  569  nm.  The  generic  concept  employed  to 
create  amplification  and  oscillation  in  this  system  should  also 
be  applicable  to  the  efficient  energy  transfer  pumping  of  poten¬ 
tial  amplifying  transitions  in  potassium  (K),  lead  (Pb),  copper 
(Cu — analog  of  Cu  vapor  laser),  and  tin  (Sn)  receptor  atoms. 

I.  Introduction 

THE  development  of  visible  chemical  lasers  has  con¬ 
tinued  to  represent  an  elusive  and  challenging  scien¬ 
tific  problem  for  the  past  quarter  century  [1],  In  address¬ 
ing  this  challenge,  [2]-[6]  we  have  recently  been 
concerned  with  the  development  of  two  generic  ap¬ 
proaches,  utilizing  the  inherently  large  cross  sections 
which  characterize  certain  electronic  energy  transfer  pro¬ 
cesses  [7]  to  create  population  inversions  on  electronic 
transitions.  We  rely  on  a  limited  group  of  selective,  fast, 
and  direct  “electron  jump”  chemical  reactions  [2]  or  on 
highly  efficient  intramolecular  or  intermolecular  energy 
transfer  processes  [3]-[6]  involving  electronically  excited 
states.  Here,  we  address  the  creation  of  an  electronically 
inverted  atomic  configuration  through  highly  efficient  in¬ 
termolecular  energy  transfer  from  electronically  excited 
metastable  storage  states  to  atomic  receptors  with  a  high 
propensity  for  lasing  action.  We  present  evidence  for  the 
electronic-to-electronic  (E-E)  energy  transfer  pumping  of 

Manuscript  received  January  4.  1993.  This  work  was  supported  by  the 
Georgia  Tech  Foundation  through  a  grant  from  Mrs.  Betty  Peterman  Gole. 
the  Army  Research  Office  through  the  Short  Term  Innovative  Research  Pro¬ 
gram,  the  Air  Force  Office  of  Scientific  Research,  and  the  Army  Research 
Office  and  AFOSR/SDIO. 
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College  of  Science  and  Liberal  Studies  will  always  be  revered. 

The  authors  are  with  the  School  of  Physics,  Georgia  Institute  of  Tech¬ 
nology,  Atlanta.  GA  30332. 
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sodium  atom  based  amplifiers  corresponding  to  the  Na 
4d2D-3p2P,  5s2S-3p2P,  and  3d2D-3p2P  transitions  at 
~569,  —616,  and  —819  nm  and  the  concomitant  full 
cavity  oscillation  on  the  4d2D-3p2P  transition  at  X  *  569 
nm. 

In  order  to  pump  the  Na  atom  levels  (3 d2D,  4 d2D, 
5 s2S)  of  interest  in  this  study,  we  first  must  form  suffi¬ 
cient  quantities  of  the  metastable  SiO  a3L+  and  b3Tl  states 
as  the  products  of  the  primary  spin  conserving  Si-N208 
and  Si-N029  reactions.  One  might  envision  the  SiO 
“g3E+”  and  “&3II”  metastable  states  (lifetimes  esti¬ 
mated  to  be  between  10“ 1  and  10-3  s)  as  a  combined 
metastable  triplet  state  reservoir  which  is,  at  best,  weakly 
coupled  to  the  ground  electronic  X'L*  state  of  the  metal 
oxide.  As  a  result  of  their  long  radiative  lifetime,  these 
reservoir  states  can  be  maintained  and  subsequently  made 
to  transfer  their  energy  to  pump  selected  atomic  transi¬ 
tions.  To  first  order,  such  a  pumping  process  for  the 
atomic  receptor  will  be  most  efficient  if  a  near  resonant 
energy  exchange  from  the  metastable  metal  oxide  reser¬ 
voir  is  feasible. 

We  make  use  of  the  efficient  intermolecular  energy 
transfer  process 

SiO(a3E+,  fc3II)  +  X  -»  SiO(X'E+)  +  X*  (1) 

where  X*  represents  the  electronically  excited  atomic  spe¬ 
cies  from  which  we  wish  to  obtain  lasing  action  and  the 
SiO  g3E+  and  63II  states  are  formed  under  multiple  col¬ 
lision  conditions  in  a  focused  argon  or  helium  entrainment 
flow  such  that  the  nascent  product  distribution  of  the  Si- 
N20®  or  Si-N029  reactions  is  rotationally  thermalized  and 
vibrationally  relaxed  [3,  Fig.  4]  to  the  lowest  levels  of  the 
triplet  state  manifold.  The  success  of  this  outlined  scheme 
depends  on  the  rates  for  the  reactions  forming  the  SiO  or 
GeO  metastables  [10],  [11]  and  the  rate  of  the  MO*  ( M 
=  Si,  Ge)-.Y  intermolecular  energy  transfer,  which,  we 
anticipate,  will  be  influenced  by  the  nature  of  near  reso¬ 
nances  between  the  MO*  and  X*  energy  levels. 

The  outlined  energy  transfer  process  is  found  experi¬ 
mentally  to  be  quite  efficient  for  sodium  (as  well  as  po¬ 
tassium)  atoms.  To  an  even  greater  degree  than  that  in¬ 
herent  to  the  previously  studied  chemically  pumped  Tl- 
based  [3]-[6]  amplifier-oscillator  system  [3,  Tables  I  and 
II]  at  X  *  535  nm,  there  exist  near  resonant  matchups 
(A£  *  100  cm-1)  to  receptor  atom  levels  of  interest  in 
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atomic  sodium  (and  potassium)  for  both  SiO  and  GeO 
metastables.  We  are  concerned  with  the  energy  transfer 
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efficient  as  that  obsen-ed  for  the  T1  system  [3-Figs.  4.  0 
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5].  The  observed  Na  atom  transitions,  originating  at  the 
4J  D  and  5^5  levels,  are  characterized  by  moderate  os- 
ThC  accessed  Na  cyde,  with  its  50 
(4 d  D  3p  P)  tl3]  t0  “  100  (5s2S~3p2P)  [14]  nanosecond 
upper  state  radiative  lifetimes  (vs.  TI  25l/2  at  ~  7  N51) 
and  short-lived  terminal  laser  level,  would  appear  ideally 
suited  to  obtain  high  duty  cycle  laser  amplifiers  and  os¬ 
cillators.  In  fact,  we  find  that  these  transitions  demon¬ 
strate  continuous  gain.  Further,  as  indicated  in  Fig  1(c) 

eV,ide^e  f°r  thC  Cner^  transfer  pump 
of  die  Na  3d  D  level  with  which  is  associated  an  atomic 
emission  at  X  *  819  nm  ascribed  to  the  Na  3d2D-3p2P 
trans'tion  We  consider  a  range  of  measurements  on  the 

‘  used  to  demonstrate  continuous  gain 

on  the  4 d  D-3p2P,  5s2S-3p2P ,  and  3d2D-3p2P  transi- 
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tions  at  X  =  569,  X  =  616.  and  X  =  819  nm,  respec¬ 
tively,  and  present  evidence  for  continuous  oscillation  at 
X  =  569  nm.  Appropriate  spontaneous  emission  rates, 
degeneracy  factors,  and  energy  increments  for  the  tran¬ 
sitions  of  interest  are  summarized  in  Table  III. 

II.  Experimental 

A.  “Creation  of  Reaction— Energy  Transfer- 
Amplification  Zone  ' ' 

The  reaction-energy  transfer-amplification  zone  de¬ 
picted  in  several  views  in  Fig.  2  has  been  constructed  to 
provide  a  versatile,  moderate  path  length,  amplification 
device.  The  apparatus  is  configured  such  that  the  Si(Ge)- 
SiO(GeO)  source  moves  vertically  and  the  Na(K)  source 
moves  horizontally  relative  to  the  amplification  zone.  The 
silicon  source  construction  which  provides  an  enveloping, 
focusing,  and  oxidizing  sheath  about  the  vaporizing  sili¬ 
con  metalloid  flux,  is  designed  to  concentrate  the  SiO 
metastable  concentration  in  the  vicinity  of  the  amplifica¬ 
tion  zone  [3],  [6].  With  the  silicon  source  temperature 
monitored  by  optical  pyrometry,  we  estimate  the  Si  atom 
concentration  in  the  amplification  zone  as  a  minimum  of 
10l4/cc  for  all  studies  involving  gain  measurement.  The 
N20  oxidant  concentration  exceeds  5  x  10l4/cc  and  the 
SiO  metastable  concentration  exceeds  10l3/cc  based  on  a 
quantum  yield  exceeding  10%  [16]  for  the  spin  conserv¬ 
ing  Si(3P)  +  N20  (’E+)  -  SiO(a3£  +  ,  63II)  +  N2('E/) 
reaction  [3],  [6],  [8].  The  Si-SiO  flow  configuration  was 
operated  with  the  silicon  source  temperature  ranging  be¬ 
tween  1600  and  1800°C  with  the  majority  of  the  gain 
measurements  conducted  at  the  highest  temperatures.  The 
helium  or  argon  entraining  flow  rate  ranged  between  300 
and  450  mL/min,  and  the  N20  flow  rate  ranged  between 
1  and  5  mL/min.  The  conditions  which  we  outline  are 
adjusted  to  produce  maximum  gain  in  a  given  experiment 
and  provide  the  longest  path  length  SiO  metastable  flame 
yet  realized. 

The  entrained  Si-SiO  flow  is  intersected  at  90°,  in  sub¬ 
sonic  flow,  by  a  flux  of  sodium  atoms  which,  based  upon 
the  Na  source  temperature  and  the  measured  rate  of  ex¬ 
penditure  of  sodium  from  the  source,  exceeds  1018/ 
cm2-s  in  the  reaction  zone,  corresponding  to  a  density  of 
order  10l3/cc.  The  concentration  of  Na  atoms  is  con¬ 
trolled  experimentally,  through  the  appropriate  choice  of 
oven  source  temperature  and  entrainment  flow,  to  provide 
maximum  gain  under  the  conditions  of  a  given  experi¬ 
ment.  To  provide  the  necessary  flux,  the  temperatures  of 
the  Na  source  oven  range  between  400  and  500 °C  for  the 
reservoir  and  480-550°C  for  the  entrainment  flow  chan¬ 
nel  (Fig.  2);  typical  helium  or  argon  entrainment  flow 
through  the  sodium  source  ranges  between  30  and  90 
mL/min.  The  entrained  Si  and  Na  flows  can  also  be 
moved  in  situ  relative  to  each  other  and  with  respect  to 
the  reaction-energy  transfer-amplification  zone  to  opti¬ 
mize  conditions  for  formation  of  the  gain  medium.  Typ¬ 
ically,  the  silicon  source  is  maintained  in  a  preset  station¬ 
ary  position  while  the  sodium  slit  source  is  moved  to  a  ' 


position  elevated  so  as  to  provide  maximal  interaction  of 
the  intersecting  flows  at  the  focus  of  the  enveloped  SiO 
metastable  flame.  The  separation  of  the  two  sources  is 
usually  of  the  order  2  cm.  It  should  be  emphasized  that 
the  chemiluminescent  emission  from  the  Si/N20  “flame” 
is  negligible  in  the  510-630  nm  region  where  gain  mea¬ 
surements  (see  also  Fig.  5  following)  on  the  Na  4 d2D- 
3 p2P  (X  *  569  nm)  and  5s2S-3p2P  (X  *  616  nm)  emis¬ 
sion  features  are  performed. 

The  mixing  zone  of  Fig.  2  is  greatly  stabilized  by  the 
moderate  sized  (15  cubic  feet)  ballast  separating  the  150 
cfm  pump  from  the  reaction  chamber  which  it  evacuates. 
Typical  measured  background  pressures  range  between  10 
and  30  mtorr  whereas  operating  pressures,  as  measured 
by  a  thermocouple  gauge  well  separated  from  the  reaction 
zone,  range  between  500  and  1200  mtorr.  Because  there 
is  a  substantial  pressure  gradient  between  the  reaction  zone 
and  the  position  of  the  monitoring  thermocouple,  the  re¬ 
corded  pressures  are  at  least  50%  lower  than  the  true  pres¬ 
sure  in  the  amplification  region.  In  order  to  protect  the 
cavity  windows  from  the  condensation  of  silicon  oxide  or 
sodium,  “self-flushing”  optical  windows  [17]  were  op¬ 
erated  with  a  protective  helium  flow. 

Using  the  described  configuration,  we  have  created  an 
amplification  zone  from  which  we  can  monitor  gain,  as  a 
function  of  slightly  varying  experimental  conditions,  on 
the  Na  *d2D-3p2P  (X  *  569  nm),  Ss2S-3p2P  (X  «  616 
nm)  and  3d2D-3p2P  (X  *  819  nm)  transitions. 

B.  Measurement  of  Optical  Gain  (Amplification) 

1)  Roll-Mentel  Configuration:  Gain  measurements 
have  been  carried  out  on  the  Si-SiO-Na  system  using 
three  different  experimental  configurations.  The  simplest 
of  these  measurements  was  performed  using  the  optical 
train  depicted  in  Fig.  3(a).  This  device  parallels  the  in¬ 
genious  design  of  Roll  and  Mentel  [18]  to  study  amplified 
spontaneous  emission  in  HeSe  lasers.  L  denotes  the  length 
of  the  gain  medium  created  upon  interaction  of  the  SiO 
and  the  Na  flows.  The  amplification  zone,  under  vacuum, 
is  surrounded  (Fig.  3(a))  by  two  AR-coated  windows  (CVI 
PW2037C)  or  two  Brewster  angle  windows  (CVI  W- 
B25SS)  connected  outside  the  self-flushing  optical  win¬ 
dow  denoted  in  the  previous  section. 

Several  flat  minor  high  reflectors  were  employed  with 
the  Roll-Mental  optical  train,  ranging  in  reflectivity  from 
96  to  99.9%  and  varying  in  surface  coating  and  substrate. 
AH  of  these  high  reflectors  yielded  closely  comparable  re¬ 
sults,  similar  to  those  in  Fig.  5,  when  employed  for  gain 
measurements.  The  output  from  the  surrounding  gain  me¬ 
dium  was  sent  through  a  Fourier  aperture  (pinhole)  and 
into  a  monochromator  using  lenses  1  and  2.  The  mono¬ 
chromator  allowed  separation  of  individual  emission  fea 
hires.  Coarse  alignment  for  both  the  gain  configuration 
depicted  in  Fig.  3(a)  and  the  full  cavity  (oscillator)  con¬ 
figuration  depicted  in  Fig.  3(b)  was  accomplished  with  a 
HeNe  laser  positioned  as  in  Fig.  3(c)  -  15  feet  from  the 
gain  and  full  cavity  configurations.  After  alignment,  the 
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HeNe  laser  is  no  longer  an  integral  part  of  the  system.  In 
other  words,  the  configurations  (Fig.  3)  operate  without 
light  sources  external  to  the  reaction-amplification  zone. 
Thus  these  configurations  are  to  be  distinguished  from  the 
sodium  lamp  and  ring  dye  laser  based  gain  measurements 
depicted  in  Fig.  4. 

2)  Sodium  Discharge  Lamp:  Using  a  sodium  dis¬ 
charge  lamp  and  the  configuration  depicted  in  Fig.  4(a), 
we  have  measured  gain  on  the  Na  4d2D-3p2P  transition 
at  569  nm.  The  enhancement  of  the  Na  4d2D-3p2P  emis¬ 
sion  line  (or  other  sodium  transitions)  is  evaluated  by  iso¬ 
lating  the  transition  of  interest  with  a  10-nm  bandpass  fil¬ 
ter.  The  lamp  light  output  brought  into  the  amplification 
zone  is  evaluated,  and,  if  necessary,  made  comparable  to 
the  chemiluminescent  intensity  using  neutral  density  fil¬ 
ters  positioned  between  the  bandpass  filter  and  lens  at  the 
beginning  of  the  optical  train. 

A  phase  sensitive  detection  mode  was  used.  The  output 
intensity  of  the  sodium  discharge  lamp  was  modulated  at 
a  frequency  of  700  Hz.  A  beam  splitter  directs  a  portion 
of  the  lamp  output  signal  to  a  photomultiplier  providing 
the  reference  signal  B.  The  remaining  light  is  collimated, 
sent  through  the  gain  medium  (amplification  zone),  and 
detected,  after  being  dispersed  by  the  monochromator. 
The  output  photomultiplier  attached  to  the  exit  slit  of  the 
monochromator  provides  the  signal  for  channel  A.  This 


Experimental  Arrangement 
(b) 

Fig.  4.  (a)  Schematic  of  Na  lamp  based  gain  measurement  configuration. 
The  cross  sectional  area  of  the  sodium  lamp  output,  input  to  the  reaction- 
amplification  zone,  greatly  exceeds  that  of  the  gain  medium.  See  text  for 
discussion,  (b)  Schematic  of  ring  dye  laser  based  gain  measurement  con¬ 
figuration.  The  dye  laser  is  operated  single  mode  and  scans  the  frequency 
range  of  the  A  ■  569  nm  Na  4d20-3p2P  transition  with  calibration  versus 
/2.  See  text  for  discussion. 


form  of  detection  serves  two  purposes  in  this  experiment. 
First,  it  allows  selective  monitoring  of  the  chemilumines¬ 
cent  intensity  during  the  period  of  the  experiment,  and 
second,  it  acts  as  a  band  pass  filter  peaked  at  the  laser 
transition  of  interest,  when  the  gain  measurement  is  made. 
The  A-B  signal  difference  is  sent  to  the  lockin  amplifier 
as  the  gain. 

Before  the  detection  of  gain  in  the  amplification  zone, 
it  is  necessary  to  calibrate  the  A-B  channel  by  evaluating 
the  chemiluminescent  signal.  After  optimizing  the  ampli¬ 
fication  zone  conditions  so  as  to  maximize  a  continuous 
chemiluminescent  signal,  the  oxidant  (N20)  flow  is  cut  off 
and  the  A-B  lockin  signal  is  balanced  to  a  null  value, 
corresponding  to  the  complete  absence  of  a  chemilumi¬ 
nescent  flame.  For  a  typical  run,  as  the  N20  flow  is  turned 
on  and  off  producing  chemiluminescence,  we  record  the 
train  of  peaks  depicted  in  Fig.  6,  corresponding  to  a  con- 
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Fig.  5.  (a)  Single-pass  continuous  amplified  spontaneous  emission  (ASE) 
intensity  (/,)  measured  using  a  Spex  1  meter  spectrometer  and  RCA  4840 
phototube  and  the  gain  configuration  depicted  in  Fig.  3(a)  for  the  Si-SiO- 
Na  system.  Spectral  resolution  is  1  nm.  Because  the  figure  is  uncorrected 
for  photo-tube  response,  decreasing  from  510  to  630  nm.  or  grating  blaze 
(500  nm).  the  emission  associated  with  the  (ts2S-3p2P  transition  appears 
more  intense  than  that  associated  with  the  5s 2S-3p2P  transition,  (b)  Double 
pass  continuous  amplified  spontaneous  emission  (ASE)  intensity  (/,)  mea¬ 
sured  using  the  gain  configuration  depicted  in  Fig.  3(a)  for  the  Si-SiO-Na 
system.  The  Na  D-line  intensity  is  comparable  to  that  in  Fig.  5(a).  The 
ratio  of  the  /,//,  intensity  for  the  569-nm  Na  emission  feature  is  2.6/ 1  for 
this  individual  study  and  can  approach  3.8/1  under  optimal  conditions  for 
the  system.  Spectral  resolution  is  -  1  nm  (see  (a)). 
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Fig.  7.  (a)  Continuous  single-mode  ring  dye  laser  scan  in  the  region  of  the 
X  »  569  nm  Na  Ad2D-3p2P  transitions  indicating  a  -  1.5%  gain  at  the 
frequency  corresponding  to  the  Ad2Di/2-3p2Pi, 2  transition  (Table  III).  This 
represents  a  lower  bound  to  the  gain,  (b)  l2  calibration  spectrum.  See  text 
for  discussion. 


Sodium  Gain 


Fijj  6.  Plot  of  gain  per  pass  at  X  =  569  nm  corresponding  to  the  Na  4 d2D- 
3 p'P  transition.  The  negative  peak  corresponds  to  an  8%  loss  in  the  signal 
channel  due  to  the  insertion  of  a  glass  filter.  The  positive  peaks  (gain) 
correspond  to  the  introduction  of  the  oxidant  N20  into  the  reaction-energy 
transfer-amplification  zone  outlined  in  Figs.  2  and  4(a).  See  text  for  dis¬ 
cussion. 

tinuous  gain  condition  during  the  period  in  which  oxidant 
is  supplied  to  the  amplification  zone.1 

3)  Scanning  High  Resolution  Ring  Dye  Laser:  We 
have  also  used  a  cw  single  mode  ring  dye  laser  (Spectra 
Physics  380A)  to  perform  laser  gain  measurements  in  a 

'We  have  also  verified  that  the  channel  A  signal  will  not  increase  as 
strong  unchopped  light  is  sent  through  the  amplification  zone-reaction 
chamber. 


frequency  scanning  (laser  with  calibration  vs.  iodine) 
mode  (Fig.  4(b)).  The  dye  laser  pumped  by  a  Spectra 
Physics  Model  171  Ar+  laser,  was  made  to  lase  continu¬ 
ously  without  mode  hopping  over  the  time  scale  of  a  fre¬ 
quency  scan  in  the  region  about  569  nm  (using  a  mixture 
of  R590  and  R560  Rhodamine  dyes).  The  behavior  of  the 
single  mode  ring  dye  laser  output  was  continuously  mon¬ 
itored  using  a  Spectra  Physics  Model  450-03  spectrum 
analyzer.  The  absolute  frequency  was  first  crudely  cali¬ 
brated  using  a  monochromator  at  0.1  A  resolution  and 
then  monitored  by  comparison  to  a  simultaneously  gen¬ 
erated  high  resolution  I2  spectrum.  In  order  to  insure  sta¬ 
ble  ring  dye  laser  operation,  the  argon  laser  was  operated 
at  a  power  of  6-7  W.  The  dye  laser  output  was  maintained 
at  -200  mW  to  prevent  mode  hopping. 

Experiments  were  again  carried  out  in  an  AC  mode. 
After  splitting  a  portion  of  the  dye  laser  output  to  the 
spectrum  analyzer  and  an  l2  cell,  the  remaining  portion 
was  brought  over  a  30-ft  path  to  the  cavity  configuration 
where,  before  passing  through  the  amplification  zone  to 
the  monochromator,  the  power  level  was  further  reduced, 
using  neutral  density  filters,  to  a  level  comparable  to  the 
chemiluminescent  intensity  (still  maintaining  a  reason¬ 
able  S/N).  To  further  reduce  the  noise  level,  the  chopper 
(Fig.  4(b))  used  in  these  experiments  was  operated  at  700 
Hz.  In  addition,  two  lockin  amplifiers  (Stanford  Re¬ 
search,  SR-510)  were  used  to  insure  a  proper  phase  lock 
for  both  the  reference  and  signal  channels.  Using  this  ex¬ 
perimental  configuration,  we  generate  and  calibrate  the 
laser  gain  spectrum  depicted  in  Fig.  7.  Here,  the  high  res- 
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TABLE  III 

Spontaneous  Emission  Rates,  Degeneracy  Factors,  and  Energy 
Increments  for  Na  ^fD-3p2P.  5s2S-3p2P,  and  3d2D-3p2P 
Transitions” 


Transition 

Energy  (cm"') 

A  Value  ( 107  sec"1) 

S . 

g. 

*d2D,/2-3p2PU2 

17575.375 

1.2 

6 

4 

*d2D,/2-3p2P,/2 

17575.41 

0.21 

4 

4 

4d2D!/2-3p2Pl/2 

17592.606 

1.03 

4 

2 

5s‘S,,2-3p2P2/2 

16227.317 

0.52 

2 

4 

5s  *5|  /2**3  p~f*\  /2 

16244.513 

0.26 

2 

2 

3d2D,l2-3p2P,/2 

12199.476 

5.4 

6 

4 

3d'Dy/2-3p‘Py  2 

12199.525 

0.90 

4 

4 

3d1Dy/2-Sp-f,l/2 

12216.721 

4.53 

4 

2 

”Dau  from  Handbook  of  Chemistry  and  Physics,  64th  Ed. 
Degeneracy  of  upper  level. 

‘Degeneracy  of  lower  level. 


olution  laser  gain  scan  indicates  gain  at  17575.375  cm-' 
corresponding  to  the  4d2D5/2-3p2Pi/2  transition  (Table 
III).2 

4)  Full  Caviry  Measurements:  Full  cavity  measure¬ 
ments  were  carried  out  using  the  optical  train  depicted  in 
Fig.  3(b).  In  effect,  we  replace  the  Roll-Mentel  gain  con¬ 
figuration  with  a  full  laser  cavity  operated  with  either  AR 
coated  or  Brewster  angle  windows  surrounding  the  am¬ 
plification  zone.  No  external  light  sources  are  used  in 
these  experiments.  We  have,  thus  far,  adopted  two  stable 
cavity  configurations,  both  employing  a  99.9%  high  re¬ 
flector,  one  with  4.5%  output  coupling  and  a  second  with 
0.2%  output  coupling.  In  the  first  configuration,  we  sur¬ 
round  the  -5  cm  medium  with  a  cavity,  44  cm  in  length 
and  operated  with  gxg2  ~  0.56.  With  this  cavity,  we 
achieve  results  which,  to  first  order,  demonstrate  the  po¬ 
tential  for  cavity  oscillation.  If  we  replace  the  4.5%  out¬ 
put  coupler,  which  represents  a  substantial  cavity  loss  ele¬ 
ment,  with  a  0.2%  output  coupler  and  operate  under  near, 
optimum  reactive  flow  conditions  with  gxg2  -  0.82,  we 
obtain  the  results  depicted  in  Fig.  8. 

III.  Results  and  Discussion 
A.  Gain  Measurements 

A  readily  reproducible  result  obtained  using  the  Roll- 
Mentel  configuration  (Fig.  3(a))  for  continuous  gain  mea¬ 
surements  is  depicted  in  Fig.  5.  The  gain  coefficient  can 
be  calculated  from  the  data  in  Fig.  5  and  the  relationship 

a  =  In  ((/2  -  I\)/IxRT2)/L.  (2) 

Here,  L  is  the  effective  gain  medium  length  (medium  is 
not  necessarily  uniform),  R  is  the  mirror  reflectivity,  and 
T  is  the  transmission  of  the  amplification  zone  vacuum 
chamber  window  in  front  of  the  mirror  (Fig.  3(a)).  /,  is 
the  measured  (spectrometer)  light  intensity  from  the  gain 
medium  with  the  shutter  placed  in  front  of  the  high  re¬ 
flector  in  Fig.  3(a).  Light  of  intensity,  Iif  which  impinges 

JBased  upon  the  data  given  in  Table  III.  the  Na  4d2D,/2-3p2P,/2  tran¬ 
sition  should  represent  the  most  favorable  to  achieve  gain  and  oscillation. 
The  4d2D,,2  level  emits  dominantly  to  3p2Pi/2  whereas  the  4 d2D,/2  level 
depletes  its  population  to  both  the  3 p2Pl/2  and  3 p2P,/2  levels.  Considera¬ 
tion  of  collisions!  relaxation  among  the  3p2P  levels  would  also  suggest  that 
the  collisionally  depleted  3p2P2/2  level  is  favored  as  the  lower  laser  level. 
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Fig.  8.  Full  cavity  output  created  with  -0.2%  output  coupling  for  the 
continuous  Si-SiO(Si-N20)-Na  amplifier  at  A  »  569  nm.  These  measure¬ 
ments  were  taken  in  continuous  flow  with  the  cavity  configuration  depicted 
in  Fig.  4(b).  The  full  cavity  output  is  compared  to  that  obtained  with  both 
a  blocked  high  reflector  and  with  the  entire  cavity  isolated  from  the  signal 
detection  system.  The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtained  with  a  blocked  high  reflector  exceeds  103/ 1 . 

on  the  detector  after  passing  through  some  portion  of  the 
gain  medium  is  associated  with  a  single  pass  ASE  inten¬ 
sity.  With  the  high  reflector  open  to  and  aligned  with  the 
gain  medium,  we  measure  light  of  intensity,  I2,  which  is 
contributed  to  by  (1)  light  passing  directly  through  the 
gain  medium  to  the  detector  (/,)  and  (2)  light  reflected 
back  through  the  amplification  zone  from  the  high  reflec¬ 
tor.  We  refer  to  12  as  the  double  pass  ASE  intensity.  Thus, 
in  Eq.  (2),  we  compare  the  intensity  difference  ( I2  -  /,) 
to  /|  correcting  for  the  reflectivity  and  transmissivity. 

The  stark  change  in  the  relative  intensities  of  the  569 
nm  Na  4d2D-3p2P  and  Na  D-line  emissions  for  the  single 
and  double  pass  ASE  output  is  quite  evident  in  Fig.  5. 
The  two  spectra  shown  in  Fig.  5  are  taken  under  condi¬ 
tions  optimized  to  the  pumping  of  the  4 d2D  level  such  that 
the  569  nm  transition  shows  noticeable  positive  gain.  The 
ratio  of  the  double  to  single  pass  intensity  for  the  569  nm 
feature  depicted  is  2.6/ 1 .  This  corresponds  to  a  gain  coef¬ 
ficient,  a  —  0.11/ cm  (Eq.  (2)).  Because  of  the  relatively 
long  time  interval  needed  to  scan  a  spectrum,  the  gain 
determined  on  the  basis  of  successive  scans,  as  depicted 
in  Fig.  5,  is  by  no  means  an  optimal  value.  More  reliable 
gains  are  determined  when  only  one  transition  is  moni¬ 
tored  and  the  shutter  in  front  of  the  total  reflector  is  quickly 
closed.  Under  optimal  operating  conditions,  using  a  1" 
diameter  99.9%  high  reflector,  we  have  achieved  ampli¬ 
fication  such  that  the  ratio  of  light  output  when  the  rear 
high  reflector  is  accessed  to  that  when  the  rear  high  re¬ 
flector  is  blocked  ranges  from  3.4  to  3.8  (a  -  0.16- 
0.23/ cm).  This  is  a  ratio  which  demonstrates  clear  gain. 

It  should  be  compared  with  the  measured  ratio  for  a  purely 
fluorescent  feature  (Na  D-Iine  and  higher  lying  excited 
state  Na  transitions)  which  is  usually  between  1. 1  and  1.2 
for  the  Na  D-line,  and  corresponds  to  1.6  for  the  5 s2S- 
3p2P  transition  whose  emission  is  depicted  in  Fig.  5.  The 
theoretical  maximum  value  fpr  the  ratio  associated  with 
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pure  fluorescence,  based  on  a  lossless  single  reflection,  is 
2.  When  the  experimental  conditions  are  not  favorable  for 
formation  of  the  gain  medium,  we  find  significant  losses 
for  the  reflected  light  (a  negative  in  (2))  employing  the 
same  methods  we  have  used  to  demonstrate  the  gain  in 
Fig.  5. 

The  Na  atom  transitions  at  X  *  569  nm  (a  -  0.1- 
0.15),  X  -  616  nm  (a  -  0.03-0.05/cm),  and  X  *  819 
nm  (a  ~  0.02-0.03  /cm)  have  all  been  shown  to  demon¬ 
strate  gain.  The  a  values  given  in  parentheses  are  meant 
to  represent  typical  values  determined  from  (2)  using  L  = 
5  cm. 

Using  the  Na  discharge  lamp  based  optical  configura¬ 
tion  (Fig.  4(a)),  we  record  the  train  of  peaks  depicted  in 
Fig.  6.  These  peaks  correlate  precisely  with  the  introduc¬ 
tion  of  the  oxidant  N20  into  the  reaction-energy  transfer- 
amplification  zone  to  produce  a  continuous  gain  condi¬ 
tion.  The  percent  gain  indicated  by  these  peak  signals  is 
calibrated  using  a  glass  filter  inserted  into  the  signal  chan¬ 
nel  so  as  to  produce  a  known  loss  peak  ( -  8%  in  Fig.  6). 
Under  the  experimental  conditions  associated  with  Fig.  6, 
the  typical  gain  is  close  to  3.6%.  Calibrated  gains  through 
the  amplification  zone  in  excess  of  5%  can  be  achieved. 
Preliminary  measurements  at  616  nm  indicate  gains  on 
the  order  of  1.2 -♦  1.5%. 

Our  measured  gains  using  the  lamp  based  optical  con¬ 
figuration  are  believed  to  represent  lower  bounds  to  the 
true  values  due  to  the  significant  radial  extent  (cross  sec¬ 
tional  area)  of  the  lamp  output  which  intersects  a  much 
smaller  mixing  zone  and  gain  medium.  When  the  569-nm 
light  exiting  the  gain  medium  is  focused  onto  the  entrance 
slit  of  the  monochromator,  the  measured  gain  is  diluted 
by  the  mismatch  in  cross  sectional  area  as  not  only  the 
gain  zone  but  also  regions  of  negligible  gain  and  even 
absorption  (pumping  of  3 p2P  level)  are  monitored. 

The  signal  we  record  upon  scanning  a  ring  dye  laser 
through  the  region  encompassing  569  nm  is  depicted  in 
Fig.  7.  The  signal  corresponds  to  a  gain  in  excess  of  1 .5  % 
for  the  4 d  Di/2-3p~P 3/2  transition.  This  percent  laser  gain 
again  represents  a  lower  bound  determination  of  the  sin¬ 
gle  pass  amplification  for  (1)  the  bandwidth  of  the  ring 
dye  laser  (effective  linewidth  -40  MHz)  is  considerably 
smaller  than  the  width  of  the  569  nm  Na  4d2D-3p2P  stim¬ 
ulated  emission  gain  profile  (-2  GHz)  [19]  and  (2)  the 
precise  overlap  of  the  sharply  defined  laser  output  beam 
and  the  amplification  zone  is  certainly  unlikely.  Because 
of  the  inherently  narrow  bandwidth  of  the  ring  dye  laser, 
we  select  a  narrow  velocity  group  within  the  gain  profile 
velocity  distribution.  This  excludes  the  remainder  of  at¬ 
oms  throughout  the  profile.  In  order  to  compare  the  gain 
levels  measured  in  this  experiment  with  those  for  the  Roll- 
Mentel  and  lamp  configurations,  we  must  integrate  over 
the  gain  profile  taking  into  account  the  bandwidth  of  the 
probe  laser.  This  correction  will,  of  course,  lead  to  the 
evaluation  of  a  higher  single-pass  gain. 

Taken  as  a  whole,  the  importance  of  the  three  distinct 
gain  measurements,  is  that  they  clearly  demonstrate  the 
formation  of  an  energy  transfer  pumped  sodium  atom  laser 


amplifier.  The  magnitude  of  the  gain  is  probably  best  rep 
resented  by  the  results  obtained  with  the  Roll-Mentel 
configuration.  However,  these  determined  gain  value 
correspond  to  that  of  a  single  pass  configuration.  The  ef 
fective  threshold  gain  in  an  oscillating  full  cavity,  influ¬ 
enced  both  by  the  increased  rate  of  loss  of  the  population 
inversion  due  to  the  stimulated  emission  process  and  b; 
the  nature  of  reactant  mixing  and  energy  transfer  in  tht 
amplification  zone,  will  be  notably  smaller. 

B.  Full  Cavity  Measurements — The  Indication  of 
Oscillation 

We  have  obtained  results  with  4.5%  and  0.2%  outpui 
coupled  cavities  which  suggest  the  onset  of  full  cavity 
amplification  and  oscillation. 

In  the  first  set  of  experiments,  using  a  4.5  +  %  output 
coupler  and  99.9%  high  reflector  we  compare  the  output 
for  the  full  cavity  versus  that  with  the  high  reflector 
blocked.  Upon  tuning  the  output  coupler  and  high  reflec¬ 
tor,  after  adjusting  the  mixing  Si,  N20,  and  Na  flows,  we 
achieve  conditions,  at  low  to  moderate  sodium  flux  (cone, 
estimated  to  be  —  1012/ cc  in  the  reaction  zone),  such  that 
the  ratio  of  the  full  cavity  output  to  single  pass  amplifi¬ 
cation  is  between  20  and  25  /I  in  a  steady  state  mode . 
Walking  the  cavity  mirrors  (angle  tuning)  destroys  the 
amplification.  Upon  realignment,  similar  increases  in  in¬ 
tensity  at  the  steady  state  value  are  again  observed.  We 
emphasize  that  these  results  are  sharply  dependent  on  the 
angle  tuning  of  the  cavity.  By  comparison,  if  we  monitor 
the  reaction-amplification  zone  configuration  of  Fig.  2 
when  only  a  fluorescent  medium  associated  with  the 
4 d  D-3p2P  Na  transition  is  formed,  as  evidenced  by  gain 
measurements  at  569  nm  and  at  the  Na  D-line,  or  when 
we  are  below  threshold  despite  some  stimulated  emission 
in  the  cavity,  we  find  a  typical  steady  state  enhancement 
between  1.2  and  1.4. 

The  4.5%  output  coupler  provides  a  substantial  loss 
element  in  the  cavity.  If  we  replace  this  output  coupler 
with  a  0.2%  output  coupler  and  operate  the  system  under 
near  optimum  reactive  flow  conditions  in  a  stable  cavity 
configuration  with  g,g2  -  0.82,  we  find  that  the  ratio  of 
the  output  for  full  cavity  operation  to  that  obtained  with 
a  blocked  high  reflector  (Fig.  8)  exceeds  103.  Compare 
also  the  signal  level  observed  with  the  blocked  high  re¬ 
flector  and  that  monitored  with  a  completely  blocked  de¬ 
tector.  This  result  clearly  indicates  continuous  full  cavity 
laser  oscillation  in  the  SiO-sodium  system. 

If  we  operate  the  0.2%  output  coupled  cavity  below 
threshold,  monitoring  a  purely  fluorescent  process,  the  ra¬ 
tio  of  full  cavity  to  single  pass  output  (blocked  high  re¬ 
flector)  is  found  to  be  slightly  greater  than  1.8  for  the  Na 
/Mine  (3 p  P-3s  S’).  This  value  should  be  compared  to  a 
maximum  of  1.2  for  the  much  more  lossy  4.5  +  %  output 
coupled  device.  In  fact,  a  maximum  (full  cavity  /blocked 
reflector)  ratio  of  order  1.9-1.95  is  typical  for  all  those 
wavelengths  considered  (X  -  569,  616,  Na  D-line)  when 
conditions  in  the  reaction-amplification  zone  are  such  that 


2354 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL.  29.  NO.  8,  AUGUST  1993 


no  gain  is  monitored.  We  have  also  observed  intermediate 
behavior  associated  with  the  establishment  of  moderate 
but  not  optimal  gain  conditions.3  Finally,  we  find  that  the 
ratio  of  the  output  power  for  the  4.5%  output  coupled 
configuration  to  that  for  the  0.2%  output  coupled  config¬ 
uration  is  only  1.9/1.  When  compared  to  the  output  cou¬ 
pling  ratio  of  22.5,  this  result  clearly  supports  the  pres¬ 
ence  of  a  stimulated  emission  process.  These  findings  in 
concert  with  the  observed  10  enhancement  monitored 
under  near  optimum  reactive  flow  conditions  signal  the 
characteristic  operation  of  a  full  oscillating  cavity. 

The  current  results  are  exciting  not  only  because  they 
demonstrate  lasing  action  in  the  visible  region  but  also 
because  they  can  be  substantially  enhanced  with  several 
improvements  in  the  manner  in  which  the  lasing  medium 
is  created  and  the  laser  output  is  extracted  from  the  cavity. 
It  remains  to  increase  both  the  rate  limiting  silicon  and 
sodium  atom  concentrations  in  the  reaction  zone  while 
maintaining  atomization.  This  increase  may  lead  to  a  lev¬ 
eling  oflf  and  eventual  loss  of  the  gain  condition  if  self¬ 
absorption  on  the  Na  D-line  transitions  becomes  a  domi¬ 
nant  factor  or  SiO  triplet  self-quenching  begins  to  play  a 
deleterious  role.  Evidence  is  obtained  for  some  self-ab¬ 
sorption  at  high  sodium  concentration  when  the  alkali 
atom  production  dominates  the  concomitant  SiO  metasta¬ 
ble  production. 

With  our  sodium  atom  source  operated,  in  the  absence 
of  interacting  silicon  or  N20,  at  the  temperatures  which 
we  have  employed  to  produce  the  highest  flux  densities  in 
the  amplification  zone,  we  have  measured  the  attenuation 
of  the  Na  D-line  emission  from  the  sodium  discharge 
lamp.  We  find  an  attenuation  which  is  less  than  50%.  In 
combination  with  the  cross  section  for  self-absorption,  4 
x  10” 14  cm2,  as  measured  by  Ermin  et  al.,  [20]  this  sug¬ 
gests  a  sodium  atom  concentration  close  to  that  estimated 
previously.  Of  course,  in  the  presence  of  N20  and  silicon 
reactants,  the  attenuation  due  to  self  absorption,  while 
evidenced,  is  considerably  diminished  (-5-10%).  Al¬ 
though  concern  with  the  possible  deleterious  effect  which 
a  pumping  of  the  Na  D-line  might  have  on  transitions  ter¬ 
minating  in  the  3 p~P  level  is  somewhat  alleviated,  in  the 
present  system,  by  the  sodium  discharge  experiment  of 
Tribilov  and  Shukhtin  [21],  and  the  0.0 1-s  duration  laser 
pulse  for  the  Na  4s2S-3p2P  infrared  transition  observed 
by  Mishakov  and  Tkachenko  [22]  as  quasicontinuous  las¬ 
ing,  it  must  eventually  limit  the  size  of  the  laser  system. 

The  90°  intersection  of  the  SiO  metastable  and  Na  atom 
flows  can  be  used  to  clearly  establish  a  continuous  lasing 
action;  however  this  is  by  no  means  the  ideal  mixing  con¬ 
figuration.  With  the  installation  of  a  concentrically  based 
SiO-Na  interaction-energy  transfer  mixing  configuration, 
we  can  anticipate  a  further  improvement  in  the  cavity  out¬ 
put. 

The  experiments  conducted  thus  far  have  made  use  of 
only  two  distinct  output  coupling  configurations.  As  well 
as  improving  reactant  concentrations,  the  optimum  output 

JRatios  ranging  from  40/1  to  100/1  have  been  routinely  measured. 


coupling  for  the  current  cavity  remains  to  be  evaluated 
[23].  Finally,  we  are  constructing  a  modification  which 
will  allow  removal  of  the  cavity  windows  that  represent 
significant  loss  elements.  With  these  improvements,  the 
output  from  our  full  cavity  configuration  should  be  sub¬ 
stantially  enhanced. 

IV.  Conclusion  and  Extension 
We  have  demonstrated  continuous  lasing  action  in  the 
visible  region  using  the  near  resonant  energy  transfer 
pumping  of  an  atomic  receptor  with  a  high  propensity  to 
lasing  action.  Not  only  can  the  present  cavity  configura¬ 
tion  be  enhanced  but  also  the  generic  nature  of  the  concept 
is  demonstrable. 

While  our  emphasis  has  been  on  the  sodium  system  and 
the  results  presented  involve  a  metastable  SiO  pump,  it  is 
also  feasible  to  use  GeO  metastables  for  energy  transfer 
pumping  (Table  II).  In  fact,  we  have  obtained  evidence 
that  the  energy  transfer  pumping  of  the  sodium  analog  po¬ 
tassium  based  amplifiers  associated  with  the  5d2D-Ap2P 
(X  *  581,  583  nm),  Ad2D-Ap2P  (X  *  694,  697  nm),  and 
6s2S-4p2P  (X  *  691,  694  nm)  potassium  atom  transitions 
might  best  be  accomplished  by  GeO  metastables.  Finally, 
we  have  also  extended  the  concept  to  the  successful  en¬ 
ergy  transfer  pumping  of  potential  amplifying  transitions 
in  lead  (Pb),  copper  (Cu),  and  tin  (Sn)  receptor  atoms. 
These  systems  will  be  the  subject  of  future  study  in  our 
laboratory. 
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ABSTRACT 

We  discuss  two  approaches  to  create  electronically  inverted  Na  based  atomic  and 
diatomic  configurations:  (1)  highly  efficient  near  resonant  intermolecular  energy 
transfer  and  (2)  highly  efficient  and  selective  fast  direct  chemical  reaction.  Using 
near  resonant  energy  transfer  from  selectively  formed  metastable  states  of  SiO  and 
GeO  (a3E+,  b3n)  to  sodium  atoms,  we  form  laser  amplifiers  at  A  *  569,  616,  and  819 
nm.  The  metastable  triplet  states  are  generated  in  high  yield  from  the  Ge-03,  Si- 
N20,  and  Si-N02  reactions.  The  energy  stored  in  the  triplet  states  is  transferred  in 
a  near  resonant  process  to  pump  X2S!/2  Na  atoms  to  their  lowest  excited  3d2D,  4dzD 
and  5s2S  states.  Adopting  a  pumping  sequence  in  which  argon  entrained,  premixed. 
Group  IV  A  metalloid-receptor  atom  combinations  are  oxidized,  we  obtain  evidence  for 
the  creation  of  a  population  inversion  producing  a  gain  condition  and  forming  the 
basis  for  full  continuous  cavity  oscillation  on  Na  4d2D  -  3p2P  transition  at  569  nm. 
The  gain  condition  is  further  improved  using  a  nitrogen  entrainment  gas  which 
efficiently  quenches  Na  3p2P.  These  results  are  consistent  with  recent  modeling 
studies  of  the  Si-SiO-Na  laser  chemistry.  Concepts  employed  to  create  amplification 
and  oscillation  in  these  systems  are  also  applicable  to  the  efficient  energy  transfer 
pumping  of  potential  amplifying  transitions  in  potassium  (K),  lead  (Pb),  copper  (Cu  - 
analog  of  Cu  vapor  laser),  and  tin  (Sn)  receptor  atoms.  Na2  amplifiers  have  also 
been  produced  using  the  highly  efficient  and  selective  formation  of  the  dimer  excited 
states  from  trimer -halogen  atom  (M3  -  X(Cl,Br,I)  reactions.  Optical  gain  through 
stimulated  emission  has  been  demonstrated  in  select  regions  close  to  527,  492,  and 
460  nm.  Results  obtained  are  in  close  analog  to  optically  pumped  alkali  dimer 
lasers.  A  model  which  envokes  the  vibrational  and  rotational  selectivity  inherent  to 
a  dissociative  ionic  recombination  process  (Na3+  +  X  ■*  Na2  +  NaX),  in  correlation 
with  the  coupling  between  select  sodium  dimer  excited  states,  may  provide  a 
semi quantitative  explanation  of  the  observed  behavior.  The  observed  gain  (max.  of  4% 
at  -v  527  nm  corres.  to  8  x  10“3/cm  for  individual  rotational  levels)  can  be  enhanced 
considerably  with  a  more  versatile  source  configuration.  The  considered  amplifiers 
are  being  optimized  and  modeled  with  a  focus  to  increasing  amplifier  gain  length  and 
amplifying  medium  concentration  so  as  to  facilitate  their  conversion  to  visible 
chemical  laser  oscillators. 


INTRODUCTION 

Using  a  select  group  of  high  excited  state  quantum  yield,  highly  exothermic, 
metal  and  metalloid  oxidations,  we  are  developing  chemically  driven  laser  amplifiers 
(and  oscillators)  operative  in  the  visible  spectral  region.  * 
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Relatively  simple  metal  or  metalloid  oxidation  reactions,  which  involve  a 
branching  to  long-lived  metastable  states,  show  the  promise  of  creating  an  enerev 
storage  medium  to  pump  atomic  transitions  with  an  established  high  propensity  for 
lasing  action.2  To  accomodate  this  desired  pump  sequence,  we  have  developed 
techniques  to  form  copious  quantities  of  the  metastable  SiO  and  GeO  a3Z+  and  h3n 
states  as  the  products  of  the  primarily  spin  conserving  Si-N90,3  Si-NOo  4  Ge-N  o  and 
<*-03  reactions,  These  long-lived  triplet  states  act  Is  an  In^rgy  resl^oS 
near  resonant  intenDolecular  energy  transfer  to  efficiently  punp  atomic "ransitions 
includxng  select  transitions  in  thallium  and  sodium.  While  the  thallium  svs?m 
corresponds  to  a  short  pulsed  superf luorescent  system,*  we  have  now  demonstra^d 
continuous  gain  on  several  Na  atom  transitions  and  obtained  evidence  for  continuous 
oscillation  in  the  Si-SiO(N20)-Na  system  at  569  nm.5"6  continuous 

We  have  also  been  concerned  with  the  development  of  the  high  cross  section 
highly  exothermic  Naj-MCl.Br.I)  reactions  as  they  selectively  form  Na,  -s 

The  ^onstrat f  jhemcal  ■  amplifiers1  rely  on  the  extremely  high  cross  se  i'os 

(n  1,3)  +  X(Cl,Br,I)  reactions  to  create  a  continuous  electronic  population 
inversion  based  on  the  chemical  pumping  of  sodium  dimer  (Na2).  Optical  gai^  trough 
stimulated  emission  has  been  demonstrated  in  the  regions  close  to  527,  492  and  460  5 
nm.  Results  in  close  analog  to  optically  pumped  alkali  dimer  lasers  are  not 5  the 
pumping  now  being  demonstrated  for  the  first  time  in  a  purely  chemical  enviroLS 

VISIBLE  CHEMICAL  LASER  TRANSITIONS  FROM  FAST  ENERGY  TRANSFER  TO  ATOMIC  SODIUM 

n^rdeLt0-PUmP  the  3d2°’  4d2D’  and  5s2s  levels  of  atomic  sodium,5-7  we  make 
of  the  efficient  mtermolecular  energy  transfer  process 


SiO(a3E+,b3n)  +  X  -»  SiO(X1E+)  +  X* 


(1) 


where  X  represents  the  electronically  excited  atomic  species  from  which  we  wish  to 
obtain  lasing  action  and  the  SiO  ,V  and  b*H  states  are  formed  under  mulUpfe 
nacJ  ^°n  c°ndit^ons  ln  a  focused  argon  or  helium  entrainment  flow  such  that  the 
h™ rPrH  distribution  of  the  Si-N203  or  Si-N024  reactions  is  rotationally 

“h^a  V  Jrfi10n!ily  rel3Xed  (Ref-  2’  Fi«ure  4)  to  the  lo”est  levels  of  the 

triplet  state  manifold.  The  success  of  this  outlined  scheme  depends  on  the  rates  for 

the  reactions  forming  the  SiO  or  GeO  metastables8 - 9  and  the  rate  of  the  MO1  (M=Si  Ge) 
-  X  mtermolecular  energy  transfer,  which,  we  anticipate,  will  be  influenced  by  the 
nature  of  near  resonances  between  the  MO  and  X  energy  levels.  7 

The  outlined  energy  transfer  process  is  found  experimentally  to  be  efficient  for 

Drlv^ci°dlra?tam  Jra"si^ions-  To  an  even  greater  degree  than  that  inherent  to  the 
previously  studied  chemically  pumped  T1  based2’5  amplifier-oscillator  system  (Tables 

an  II  of  Ref.  2)  at  A  *  535  nm,  there  exist  near  resonant  matchups  (aE  =  100  cm-1) 
to  recejjtor  atom  levels  of  interest  in  atomic  sodium  (Table  I  of  Ref.  7)  for  both  SiO 
and  GeO  metastables.  We  are  concerned  with  the  energy  transfer  pumping  of  levels 
which  are  not  accessed  through  strong  electric  dipole  transitions  from  the  ground 
state  of  the  alkali  atom.  *  Collisions  with  SiO  or  GeO  metastables  are  used  to 
energy  transfer  pump  from  the  3s  S  Na  ground  state  to  the  Na  4d2D  and  5s2S  levels 
forming  the  basis  for  amplification  on  the  4d2D  -  3p2P  (A  =  569  nm)  and  5s2S  -  3p^P 
(  ~  616  nm)  transitions.  In  the  sodium  system  (Fig.  1(a)),  the  3p2P  terminal  laser 

level  is  the  short-lived  upper  level  of ^the  Na  D-line.10  The  3p2P  -  3s2S  transition 
is  characterized  by  a  high  oscillator  strength  facilitating  rapid  loss  of  the 
terminal  laser  level  to  create  ground  state  sodium  atoms  which  Figs.  1(a)  and  1(b) 
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Figure  1(a):  Na  at on  energy  laval  scheme* 
and  pumping  cyclaa  to  produca  4d2D  and  5*25 
excited  state*. 

Flgura  1(b):  Typical  anargy  transfer  pumpir 
sp«ctru»  for  N»  4d2D  -  3p2P  and  S«2S  -  3p2F 
transitions  and  3p2P  -  3s2S  sodiua  D-lina 
•minion.  Tha  D-lina  aaisiion  rasults  both 
from  diract  anargy  tranafar  pumping  from 
ground  atata  NaO  and  from  aubaaquant  fluoraa 
canca  following  amission  to  tha  3p2P  laval. 

Figure  1(c):  Energy  tranafar  pumping  spec- 
trua  corraaponding  to  Na  3d2D  -  3p2P 
transition. 


demonstrate  are  again  amenable  to  near  resonant  energy  transfer  pumping. 


the  5s  S  and  4d  D  levels  are  not  readily  accessed  in  an  optically  pumped 
transition.  Fig.  1(b)  demonstrates  that,  using  SiO  metastables  formed  in  the  Si-N^O 
reaction,  we  have  successfully  energy  transfer  pumped  Na  atoms  to  the  2S  and  2D12 
levels  where  they  subsequently  emit  radiation  at  X  *  616  nm  and  569  nm  as  they 
undergo  transition  to  the  3p  P  levels.  The  energy  transfer  process  which  pumps  these 
sodium  atom  levels  appears  at  least  as  efficient  as  that  observed  for  the  T1  system 
(Ref.  2,  Figs.  4,5).  The  observed  Na  atom  transitions,  originating  at  the  4d2D  and 
5s  S  levels,  are  characterized  by  moderate  oscillator  strengths.  The  accessed  Na 
cycle,  with  its  50  (4d2D  -  3p2P)13  to  ^  100  (5s2S  -  3p2P)14  nanosecond  upper  state 
radiative  lifetimes  (vs.  T1  S^/2  at  ^  7nsec.  )  and  short-lived  terminal  laser 
level,  would  appear  ideally  suited  to  obtain  high  duty  cycle  laser  amplifiers  and 
oscillators.  In  fact,  we  find  that  these  transitions  demonstrate  continuous  gain. 
Further,  as  indicated  in  Fig.  1(c),  we  have  obtained  evidence  for  the  energy  transfer 
pump  of  the  Na  3d  D  level  with  which  is  associated  an  atomic  emission  at  X  *  819  nm 
ascribed  to  the  Na  3d  D  -  3p  P  transition.  We  outline  a  range  of  measurements  on  the 
Si-SiO-Na  system  which  have  been  used  to  demonstrate  continuous  gain  on  the  4d2D  - 
4pzP,  5s  S  -  3p*P,  and  3d2D  -  3p2P  transitions  at  X  *  569,  X  s  616,  and  X  *  819  nm 
respectively,  and  summarize  evidence  for  continuous  oscillation  at  X  *  569  nm. 


In  approaching  the  outlined  energy  transfer  laser  scheme,  self  absorption 
associated  with  the  Na  D-line  must  be  considered.  Evidence  is  obtained  for  moderate 
self -absorption  at  the  highest  concentrations  used  in  the  present  experiments, 
however  concern  with  the  possible  deleterious  effect  which  such  a  pumping  of  the  Na 
D-line  might  have  on  transitions  terminating  in  the  3p2P  level  is  greatly  alleviated 
by  the  Na  discharge  experiments  of  Tibilov  and  Shukhtin16  which  demonstrate  a 
surprising  lasing  action  on  the  Na  4s2S  -  3p2P  transitions  in  the  infrared  region. 
Further  experiments  in  our  laboratory  (see  following)  and  laser  chemistry  modeling17 
also  suggest  that,  despite  self  absorption,  lasing  action  is  still  readily 
attainable. 
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rigur.  3:  (a)  Schematic  of  raactlon  chamber  and  windows 

defining  optical  train,  ballast  tank  to  moderate 
pumping  fluctuations,  and  pumping  configuration, 
for  aztandad  path  langth  S1-S10  (Si-NoO)-Na 
raactlon  amplification  zona.  (b),(c)  Side  and 
ovtrhaad  views  of  raactlon  chasibar  showing  posi¬ 
tioning  of  Si  ovan  sourca,  ralatlva  locations 
of  Si  and  Na  ovan  sourcas,  oxidant  injection 
system,  and  ralatlva  positions  of  thasa  devicas 
with  raspact  to  the  optical  train. 


flgura  2(a):  Cain  measuresMnt  configura¬ 
tion  aftar  Roll  and  Mental  (raf.  18). 

Tha  ragion  Barked  L  in  tha  figura  corras- 
ponds  to  tha  reaction-amplif ication  zona.  Oeenat 

flgura  2(b):  Lasar  cavity  configuration 
to  characterize  potential  oscillation  in 
tha  Sl-SiO-Na  system  at  569  nm. 


Soflkim 


GAIN  MEASUREMENTS  FOR  SiO-Na 
AMPLIFICATION  ZONE 


nouftOQ 

NATURE  OF  THE  REACTION-ENERGY  TRANSFER- 


Gain  Measurement 


Gain  measurements  have  been  carried  out  on  the  sodium  system  using  three 
ff  experimental  configurations.  The  simplest  of  these  measurements  uses  the 
tral"  ?e?  ctad  in  fi»j _?<•>  *>«  recently  surrounding  an  c  5^  energy 

Fig  3  ™n  :flC“.l0n.20"e  rreated  using  the  nixing  configuration  depicted  in 
Fig.  3.  The  optical  tram  parallels  the  ingeneous  design  of  Roll  and  Mentel  7>18 

be  calcaSIterfr^ied  SP°ntane°US  610158100  (ASE)’  ’18  The  gain  coefficient  a. 


a  -  In  ((I2'-I1)/I1RT2)/L 


(2) 
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Here,  L  is  the  effective  gam  medium  length  (medium  is  not  necessarily  uniform),  R  is 
he  mirror  reflectivity,  and  T  is  the  transmission  of  the  amplification  zone  vacuum 
chamber  window  in  front  of  the  mirror  (Fig.  2(a)).  Ix  is  the  measured  "single  pass" 

(/!.Ctr°me.ter),  18ht  inte^sity  from  the  gain  medium  with  the  shutter  placed  in  front 
°  he  high  reflector.  With  the  high  reflector  open  to  and  aligned  with  the  gain 
medium,  we  measure  light  of  intensity,  I2,  which  is  contributed  to  by  (1)  light 
passing  directly  through  the  gain  medium  to  the  detector  (Ix)  and  (2)  light  reflected 
back  through  the  amplification  zone  from  the  high  reflector.  We  refer  to  I0  as  the 
ou  e  pass  SE  intensity.  Thus,  in  Equation  (2),  we  compare  the  intensity 
i  erence  vl2_z-i)  to  Ij  correcting  for  the  reflectivity  and  transmissivity. 

Sodium  Atomic  Emissions 
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Figure  4(a) :  Single  pasa  continuous  amplified  spontaneous 
emission  (ASE)  Intensity  (I})  measured  using  a  Spex  1  meter 
spectrometer  and  RCA  4840  phototube  and  tha  gain  configura¬ 
tion  depicted  In  Figure  3(a)  for  the  Si-S10-Na  system. 
Spectral  resolution  Is  1  nm.  Because  the  figure  Is  un¬ 
corrected  for  photo-tube  response,  decreasing  from  510  to 
630  nm,  or  grating  blaza  (500  nm).  the  amission  associated 
with  tha  SsjS  -  3pzP  transition  appears  more  Intense  than 
that  associated  with  tha  5szS  -  3pzP  transition. 

Figure  4(b);  Double  pasa  continuous  ampliflad  spontaneous 
emission  (ASE)  Intensity  (I2)  measured  using  the  gain 
configuration  depicted  In  Fig.  3(a)  for  the  Si-SiO-Na 
systam.  The  Na  D-llne  intensity  la  comparable  to  that  in 
Fig.  4(a).  The  ratio  of  tha  Ij/Ii  intensity  for  tha 
569  nm  Na  amission  feature  is  2.6/1  for  this  individual 
study  and  can  approach  3.8/1  under  optimal  conditions 
for  the  systam.  Spectral  resolution  is  ~ 1  nm  (sae  (a)). 


The  stark  change  in  the  relative  intensities  of  the  569  nm  Na  4d^D  -  3p^P  and  Na 
D-line  emissions  for  the  single  and  double  pass  ASE  output  is  quite  evident  in  Figure 
.  ratio  the  double  to  single  pass  intensity  for  the  569  nm  feature  depicted 

is  2.6/1.  This  corresponds  to  a  gain  coefficient,  a  ^  0.11/cm  (Eq.  2),  which  is  by 
no  means  the  optimal  value  that  has  been  achieved  with  the  current  configuration. 
Under  optimal  operating  conditions,  using  a  1"  diameter  99.9%  high  reflector,  we  have 
achieved  amplification  such  that  the  ratio  of  light  output  when  the  rear  high 
reflector  is  accessed  to  that  when  the  rear  high  reflector  is  blocked  ranges  from  3.4 
to  3.8  (a  '''0.16-0.23/cm).  This  is  a  ratio  which  demonstrates  clear  gain.  It  should 
be  compared  with  the  measured  ratio  for  a  purely  fluorescent  feature  (Na  D-line  and 
higher  lying  excited  state  Na  transitions)  which  is  usually  between  1.1  and  1.2  for 
the  Na  D-line,  and  corresponds  to  1.6  for  the  5s^S  -  5p^P  transition  whose  emission 
is  also  depicted  in  Figure  4.  The  theoretical  maximum  value  for  the  ratio  associated 
with  pure  fluorescence  based  on  a  lossless  single  reflection  is  2.  When  the 
experimental,  conditions  are  not  favorable  for  formation  of  the  gain  medium,  we  find 
significant  losses  for  the  reflected  light  (a  negative  in  Eq.  (2))  employing  the  same 
methods  we  have  used  to  demonstrate  the  gain  in  Figure  4.  The  Na  atom  transitions  at 
X  =  569  nm  (a  *  0.1-0.15),  \  =  616  nm  (a  *  0.03-0.05/cm),  and  A  *  819  nm  (a  %  0.02- 
0.03/cm)  have  all  been  shown  to  demonstrate  gain.  The  a  values  given  in  parentheses 
are  meant  to  represent  typical  values  determined  from  Eq.  2  using  L  a  5  cm. 
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A  second  series  of  more  complex  gain  measurements  have  involved  the  measurement 
of  gain  on  the  emission  lines  from  a  sodium  discharge  lamp.  Here,  using  a 
configuration  described  in  more  detail  elsewhere,6*7  we  have  measured  the  enhancement 
of  the  Na  4d  D  -  3p  P  emission  line  (or  other  sodium  transitions)  which  can  be 
evaluated  by  singling  out  the  transition  of  interest  with  a  10  no  bandpass  filter 
Under  typical  experimental  conditions  when  selecting  the  569  nm  output  from  the  limp 
we  measure  a  calibrated  gain6* '  close  to  3.62.  Calibrated  gains  associated  with  the’ 
amplification  zone  which  are  in  excess  of  52  can  be  achieved.  Preliminary 
measurements  at  616  nm  indicate  gains  on  the  order  of  1.2  ■»  1.52.  Our  measured  gains 
using  the  lamp  based  optical  configuration  are  believed  to  represent  lower  bounds  to 
the  true  values  due  to  the  significant  radial  extent  (cross  sectional  area)  of  the 
lamp  output  which  intersects  a  much  smaller  mixing  zone  and  gain  medium.  When  the 
569  nm  light  exiting  the  gain  medium  is  focused  onto  the  entrance  slit  of  the 
monochromator,  the  measured  gain  is  diluted  by  the  missmatch  in  cross  sectional  area 
as  not  only  the  gain  zone  but  also  regions  of  negligible  gain  and  even  absorption 
(pumping  of  3pzP  level)  are  monitored. 

We  have  also  used  the  output  from  a  high  resolution  ring  dye  laser  to  carry  out 
laser  gain  measurements  in  a  frequency  scanning  (laser  with  calibration  vs.  iodine) 
mode.  »  Upon  scanning  the  ring  dye  laser  through  the  region  encompassing  the  569  nm 
feature,  we  record  a  gain  in  excess  of  1.52  for  the  Na  4d2D 5/2  -  3p2P3/2 
transition.  *  This  percent  laser  gain  again  represents  a  lower  bound 
determination  *  of  the  single  pass  amplification  for  (1)  the  bandwidth  of  the  ring 
dye  laser  (effective  linewidth  'v-  40  MHz)  is  considerably  smaller  than  the  width  of 
the  569  nm  Na  4d  D  -  3p^P  stimulated  emission  gain  profile  (^2GHz)  and  (2)  the 
precise  overlap  of  the  sharply  defined  laser  output  beam  and  the  amplification  zone 
is  tenuous . 0 » ' 

The  three  distinct  gain  measurements  clearly  demonstrate  the  formation  of  an 
energy  transfer  pumped  sodium  atom  laser  amplifier.  The  magnitude  of  the  gain  is 
probably  best  represented  by  the  results  obtained  with  the  Roll-Mentel  configuration. 
However,  these  determined  gain  values  correspond  to  a  single-pass  through  the 
amplification  zone.  The  effective  threshold  gain  in  an  oscillating  full  cavity, 
influenced  both  by  the  increased  rate  of  loss  of  the  population  inversion  due  to  the 
stimulated  emission  process  and  by  the  nature  of  reactant  mixing  and  energy  transfer 
in  the  amplification  zone,  will  be  notably  smaller. 

Amplification  Zone 

The  flow  configuration  depicted  in  Fig.  3  produces  the  longest  path  length  SiO 
metastable  flame  (^  5  +  cm)  ever  obtained.  The  entrainment  flow  configuration  (argon 
or  helium)  must  be  designed  to  create  large  concentrations  of  SiO  (GeO)  metastables 
which  are  intersected  at  ^  90°,  in  subsonic  flow,  by  a  high  concentration  of  sodium 
(in  argon  or  helium)  atoms.  The  entrained  silicon  and  sodium  flows  can  also  be  moved 
in-situ  relative  to  each  other  and  hence  with  respect  to  the  reaction  -  energy 
transfer  -  amplification  zone  to  optimize  conditions  for  formation  of  the  gain 
medium.  We  are  concerned  with  the  optimization  of  reactant  mixing  considering  the 
rate  limiting  effect  of  the  silicon  concentration,  the  importance  of  virtually 
complete  sodium  atomization,  and  the  confinement  of  the  reactants  and  receptors  to 
the  cavity  axis  region.  With  the  silicon  source  temperature  monitored  by  optical 
pyrometry,  we  estimate  the  Si  atom  concentration  in  the  amplification  zone  as  a 
minimum  of  101  vcc  for  all  studies  involving  gain  measurement.  The  N20  oxidant 
concentration  exceeds  5  x  10^/cc  and  the  SiO  metastable  concentration  exceeds 
10  /cc.  Based  upon  the  Na  source  temperature  and  the  measured  rate  of  expenditure 
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of  sodium  from  the  source,  exceeds  10l8/cm2~sec  in  the  reaction  zone,  which 
corresponds  to  a  density  of  order  10^/ccJ  The  reactant  and  entrainment  flows  must 
also  be  controlled  so  as  to  protect  the  cavity  windows  from  the  condensation  of 
metastabie  siiicon  or  germanium  oxide  and/o,  sodium.  This  latter  requirement  is  met 
(Fig.  3),  in  part,  using  "self  cleaning"  optical  windows2**  with  a  protective  helium 
(not  argon)  flow.  The  rate  limiting"  silicon  concentration  signals  a  focus  on  the 
modification  of  the  oven  source  configuration  depicted  in  Figure  3  so  as  to 
continually  improve  the  silicon  atom  flux  as  well  as  the  flow  conditions  whereby  thi 
reactant  is  transferred  to  the  reaction-energy  transfer-amplification  zone. 


The  mixing  zone  of  Fig.  3  is  greatly  stabilized  by  the  moderate  sized  (^15 
cubic  feet)  ballast  separating  the  150  cfm  pump  and  reaction  chamber.  The  current 
90  intersection  of  the  SiO  (GeO)  and  Na  atom  flows,  once  stabilized,  can  be  used  to 
clearly  establish  a  continuous  lasing  action,  however,  this  is,  by  no  means,  the 
ideal  mixing  configuration.  We  have  now  constructed  a  device  which  allows  the 
concentric  mixing  of  Si,  Na,  and  N2O  flows  so  as  to  replace  the  90°  intersection  of 
the  entrained  SiO  and  Na  flows.  Once  in  full  operation,  this  configuration  should 
further  improve  the  outlined  results. 


Full  Cavity  Measurements  -  The  Indication  of  Oscillation 

If  we  replace  the  gain  measurement  system  with  a  full  mirror  laser  cavity 
configuration  in  which  the  output  coupling  (1"  diameter  mirror)  corresponds  to  0.2% 
employ  the  same  1"  diameter,  99.99%  reflector  as  used  in  the  gain  evaluation  studies, 
and  operate  the  system  under  near  optimum  reactive  flow  conditions  in  a  stable  cavity 
configuration  with  glg2  ^  0.82,  we  find  that  the  ratio  of  the  output  for  full  cavity' 
operation  to  that  obtained  with  a  blocked  high  reflector  (Figure  5)  exceeds  103. 
Compare  also  the  signal  level  observed  with  the  blocked  high  reflector  and  that 
monitored  with  a  completely  blocked  detector.  This  result  clearly  indicates 
continuous  full  cavity  laser  oscillation  in  the~SiO-sodium  system. 

If  we  operate  the  0.2%  output  coupled  cavity  below  threshold,  monitoring  a 
purely  fluorescent  process,  the  ratio  of  full  cavity  to  single  pass  output  (blocked 
high  reflector)  is  found  to  be  slightly  greater  than  1.8  for  the  Na  D-line  (3p2P  - 

Resonant  Cavity 


Figure  5!  Full  cavity  output  created  with  ■>.  0.2Z  output 
coupling  for  the  continuous  Sl-S10<Si-N20)-Ne  amplifier 
•t  "  *  SM  ™»-  These  measurements  ware  taken  in  contin¬ 
uous  flow  with  the  cavity  configuration  depicted  in 
Fig.  3(b).  The  full  cavity  output  is  compared  to  that 
obtained  with  both  a  blocked  high  reflector  and  with 
the  entire  cavity  Isolated  from  the  signal  detection 
system.  The  ratio  of  the  output  obtained  for  the  full 
'■”**-y  t0  5h*t  obtained  with  a  blocked  high  reflector 
ids  103/1. 
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3s 2S).  This  value  should  be  compared  to  a  maximum  of  1  9 

4.5+%  output  coupled  device  (gig-,  ^0.56')  Tn  fa~t-  '2  f°r  a  ffluch  more  lossy 
reflector)  ratio  of  order  1.9-1.95  is  typical  for  ^  tv**™™  (fu11  cavity/blocked 

(A  *  569,  616,  Na  D-line)  when  conditio^  in  the  re^t  wav*lengths  considered 
that  no  gain  is  monitored.  We  have  also  observed  •  ^  amplification  zone  are  such 

with  the  establishment  of  t.odetate\ut1^t^l\^rceod„1aa“iothaVi°r 

Improvement  of  the  Energy  Transfer  Based  Configuration  -  Ultimate  Goals 
The  current  results  arp  nyoitieo  ■, 

in  the  visible  region  hut  also  becauL^hey™  a^t^uLt^ia^y^ha^Ld^ith8  aCti°" 

Sodium  Atomic  Emissions 
SiO-N«  Energy  Transfer 


uH;  *  ft™  PUBPing  -pactr.  obt.in.d  for 

“-™1  »■  - 

froo  argon  to  Nj.  ^  *ntr*in“nt  «« 


Wavelength  (nm) 

several  improvements  in  the  manner  in  which  the  Iasi™  mor  • 

laser  output  is  extracted  from  the  cavifv  t?  .  8  medlum  is  created  and  the 

limiting  silicon  and  sodium  atom  co^e^tratijns  ^he  “  ^  the  rate 

maintaining  atomization.  Thic  innrD,  ions  in  the  reaction  zone  while 

of  the  gain  condition  if  self-absorption^n  the  *eVeling  off  and  eventual  loss 

dominant  factor  or  SiO  triolet  <splf  v,  •  a  line  transitions  becomes  a 

Evidence  is  obtained  for  some  self  iSso^n^1"8  1°  Pl3y  3  deleteri°-  role, 

when  the  alkali  atom  production  dominates  the  con  he.Jlghef5  sodlum  concentrations 
With  our  sodium  atom  source  operated  in  the  ahc  COmtant  Sl°  “etastable  production, 
at  the  temperatures  which  we  have  ^  °f  ™teracting  silicon  or  NoO 

the  amplification  zone"  we ha™ th^r0'’1^ • ^hest  fl“ .  densities2!! 
from  a  sodium  discharge  lamp  We  find  an  att*J  10I .  ha  D-line  emission 

combination  with  the  crosTsention  f  an  ettenuation  which  is  less  than  50%.  In 
Ermin  et  al.,21 tSs  suggestsasodf™  III  ^sorption  4  x  lO'l*  cm2,  as  measured  by 
previously.  Of  course fn ' «°»>  concentration  close  to  that  estimated 

due  to  self  absorption.'  while  evidenced.°is  loneLrawTSimi^hed^ •v'f-JS)?”110" 

D-line^rTt^^i^nn^aJ^g^X  8  ™  »f  tha  »a 

m  the  present  system  by  the  sodium  HicnVr  *  .  ?  P  level  is  somewhat  alleviated 

and  the  0.01  secLl^tion  “J  ^uhhtin.lb 

observed  by  Mishakov  and  TkarhenWo22  =  e.  .  Na  4s  S  3p  P  infrared  transition 

«  -  ss  S^S^SSL 
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et  al.22  have  demonstrated  for  No  and  CO.  In  fact,  if  we  replace  the  Si-SiO  and  Na 
entraining  argon  or  helium  gases®'2  with  N2,  we  observe  a  pronounced  effect  on  the 
energy  transfer  spectrum  (Fig.  6)  taken  for  an  intermediate  sodium  flux.  While  the 
569  nm  feature  is  dominated  by  the  Na  D-line  emission  when  argon  is  used  as  an 
entrainment  gas,  its  intensity  can  be  made  to  exceed  that  of  the  D-line  when  N2  is 
used.  This  result,  obtained  and  repeated  for  successive  scans  taken  during  the  same 
experimental  run,  suggests  the  possibility  for  a  considerable  enhancement  of  the  569 
nm  output.  This  improvement  might  well  result  from  the  quenching  of  Na  3p2P, 
however,  it  might  also  result  from  an  increased  inhibition  of  the  Na  +  N2O  ■*  NaO  +  N2 
reaction2^*  as  the  equilibrium  is  forced  toward  reactants.  The  specific  cause  will 
need  to  be  assessed  in  future  experiments. 

The  experiments  conducted  thusfar  have  made  use  of  only  two  distinct  output 
coupling  configurations.  As  well  as  improving  reactant  concentrations,  the  optimum 
output  coupling  for  the  current  cavity  remains  to  be  evaluated.  Finally,  we  have 
constructed  a  modification  which  will  allow  removal  of  the  cavity  windows  that 
represent  significant  loss  elements.  With  these  improvements,  the  output  from  our 
full  cavity  configuration  should  be  substantially  enhanced. 

Recently,  Smith  et  al.*2  have  begun  a  laser  chemistry  modeling  effort  on  the 
SiO-Na  system.  Starting  with  initial  concentrations  of  the  reactants  Na,  Si,  and  N2O 
which  are  achievable  in  the  present  system  these  authors  have  used  a  model  which 
includes  the  10  possible  processes 

1.  Si+N20  ■+  SiO  +N2  -  metastable  excited  state  formation 

2.  Si+h^O  -»  Si0+N2  -  ground  state  formations  -  power  depleting 

3.  SiO*+Na  •+  SiO+Na*  (4d2D)  -  upper  state  amplifying  transition 

4.  SiO*+Na  ■*  SiO+Na*  (3p2P)  -  terminal  level  amplifying  transition 

5.  Sig*+SiO*  ■+  SiO+SiO  -  self  quenching  of  SiO  metastables 

6.  Na  (4d2D)  ->  Na*  (3p2P)  +  hv  (569  nm)  -  spontaneous  emission 

7.  Na*  (4d2D)  +  hv  (569  nm)  ■*  Na  (3p2P)  +  2hv  (569  nm)  stimulated  emission 

8.  Na*  (3p2P)  +  hv  (569  nm)  -*  Na*  (4d2D)  -  optical  pumping 

9.  Na  (3p2P)  ■»  Na  (3s2S)  +  hv  (589  nm)  -  spontaneous  emission 

10.  hv  (569)  ■+  hv  (569)  outcoupling  fraction  for  569  nm  photons  (laser  cavity 
5  cm  in  length  -  mirror  reflectivities  99.99  and  99.80%). 

Using  known  kinetic  rates,  variable  initial  concentrations,  reasonable  and 
variable  rates  for  those  processes  which  have  not  been  directly  measured,  and 
assuming  a  closed  reaction  in  which  the  reactants  are  not  replenished.  Smith  et  al.*2 
have  deduced  temporal  profiles  for  the  Na  concentration,  569  nm  photon  concentration, 
energy  density,  and  power  density.  They  conclude  that  order  of  magnitude  increases 
in  the  initial  concentration  of  Si  or  N2O  have  a  profound  effect  on  the  system  (power 
density  increase)  whereas  significant  changes  in  the  Na  concentration  have  relatively 
little  effect.  This  signals  the  rate  limiting  nature  of  the  silicon  concentration 
and  the  importance  of  the  branching  into  the  metastable  triplet  states.  It  js  also 
to  be  noted  that  a  significant  increase  in  power  density  may  be  muted  by  SiO  self 
quenching,  the  rate  of  which  certainly  must  be  established  for  these  systems.  For 
the  diversity  of  initial  reactant  concentrations  and  rates  used  in  theij  model.  Smith 
et  al.^2  predict  output  power  densities  peaking  between  100  (strong  SiO  self 
quenching)  and  7000  mW/cc.  These  results,  which  will  soon  be  supplemented  by  a  more 
detailed  modeling  effort,  are  quite  encouraging. 

While  our  emphasis  has  been  on  the  sodium  system  and  the  results  presented 
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involve  a  metastable  SiO  numt>  it-  is  . 

transfer  pumping.  In  fact,  we  have  obtained  Evidence  that^he”613^315165  f°r  energy 
pumping  of  the  sodium  analog  potassium  hacQa  that  the  energy  transfer 

4p2P  (As  581,  583  nm),  4d*D  -  4p2p  H  *694  7,7 77  af°C2iated  ^h  the  5d2D  - 
nm)  potassium  atom  transitions  might  he  -  K  *  ^  0115  ’  and  6s  S  “  4p2p  (  A  a  691  694 

Finally,  ve  have  also  «Ie„dII  ^ 

of  potential  amplifying  transitions  in  lead  (Pb)  ^ccessf^  energy  transfer  pumping 
at°mS*  1,1656  5y6t6"=  •*»  -1-  be  the  subject  If  SI  “‘‘oll"^"^^0' 

AND  SKLKCTI^CTMC^MAmON^1^  ^  VISIBLE  REGI0N  ON  HIGHLY  EFFICIENT 

signatures  for  the  processes0™  ^  UnUbJai  class  of  reactive  encounters. 


The  optical 


^3  +  Gl.Br , I  -> 


«aa\ 


ui,er,i; 


emission  is  cha^actfrized  b^i^^jj'defined  SyStemS<  TJe  observed  dimer 
superimposed  on  a  much  weaker  N  hi  *7  eniSslon  regions1  (Fig.  7) 

features  are  not  readily  explained  by  inv^k'  luorescance-  The  sharp  emission 
demonstrate  characteristics  similar  L  ™°klng  a  pUrely  fluorescent  process,  and 

systems.  1.6,25  in  the  visible  °f  °ptlcally  P^Ped  Na2  laser 

exponential  rate  wiS  increasing  Na  r  re*i0n’ . these  *«tures  grow'at  a  near 
spectrum.  This  suggests  the  poLibilitrthit^^11*!  77^  t0  the  Na2  back8round 
with  certain  of  the  emitting  Na9  reaction nlLlr  “  1  emiSsion  might  be  associated 

out  to  assess  thfcs  possibility  throughout  the  visibl  8310  measurements  carried 

through  stimulated  emission  and  the  Lhf"  visible  region  reveal  optical  gain 
electronic  transitions.  100  °f  poPulation  inversions  on  select  Na2 


Measurements  at  0.5  crn'l  resolution  reveal  amplificat 


ion  in  the  regions  close  to 


Figur«  7: 
from  th« 


Ch«nilualn«»c«nt  Mission 
reaction  N«j+Br  „  N*2*+Br. 


with^he 'reactive  pIL™  ^ftS-la^  *?\5  »  <°-8*  *•*»>•  correlate  precisely 

-  sisiS‘S£S5Srf-*r for  the 

nm,  we  have  measured  a  2  37  gain  fnr  an  <  a-  -a  I  transitl°ns  showing  gam.  At  459.8 
alts  d«o„,tr.H  tl.  rotational  transition.  These 

laser  in 
we 


nm,  we  have  measured  a  2  37  gain  fnr  nr  <  a-  -a  snowing  gam. 

g  regions.  At  no  other  scanned  wavelengths  have 
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observed  gain.  In  fact,  in  scanning  the  entire  420-600  nm  region,  we  generally 
observe  slight  losses  of  the  laser  photon  flux  due  primarily  to  scattering  (to  only  a 
negligible  extent,  absorption)  on  transit  through  the  Na3~Br  reaction  zone.  In  the 
region  of  the  sodium  D-line,  we  monitor  a  substantial  absorption  and  loss  as  a 
function  of  the  trimer-halogen  atom  reaction. The  Na3~halogen  atom  reactions  are 
expected  to  proceed  via  an  electron  jump  mechanism  with  extremely  high  cross 
sections,  °  producing  substantial  Na2  excited  state  populations.  The  question  of  wh\ 
the  Na3-X  reactions  appear  to  demonstrate  vibrational  and  rotational  selectivity  in 
certain  wavelength  regions  may  be  explained  by  invoking  a  model  for  the  dissociative 
ionic  recombination,  Na3  +  X  ■*  Na2  +  NaX,  and  the  curve  crossings  which  influence 
the  distribution  of  product  molecules  for  this  process. ^  Such  a  model,  coupled  witi 
an  analysis  of  the  electronic  coupling  between  select  sodium  dimer  excited  states,^ 
appears  to  provide  a  semiquantitative  explanation  of  the  observed  population 
inversions. 

Created  population  inversions  are  thought  to  be  sustained  by  the  large  number  of 
free  halogen  atoms  reacting  with  the  Na2  molecules  in  those  ground  state  levels  on 
which  the  transitions  emanating  from  the  Na2  excited  states  terminate  and  collisional 
relaxation  of  the  ground  state  sodium  dimer  molecules.  The  cross  section  for 
reaction  of  vibrationally  excited  ground  state  Na2  is  expected  to  be  quite 
substantial  relative  to  the  cross  section  for  collision  induced  vibrational 
deactivation  of  the  Na2  manifold.  Extremely  efficient  reactions  are  thought  to 
greatly  assist  the  depletion  of  the  lower  state  levels  in  this  system  allowing  one  tc 
sustain  a  continuous  population  inversion.  Our  major  efforts  thusfar  have  focused  or 
the  Na2  B-X  spectral  region  and  the  potential  development  of  laser  oscillators  at 
wavelengths  in  the  vicinity  of  527  and  460  nm.  In  order  to  approach  these  studies, 
we  are  developing  the  means  to  create  a  considerably  longer  path  length  amplif icatior 
region. 

Development  of  an  Extended  Path  Length  Na3  -  X  (Cl.Br.I)  Reaction  -  Amplification 
Zone 


We  desire  to  considerably  improve  the  magnitude  of  the  amplification 
demonstrated  previously  for  the  sodium  dimer  amplifiers  at  ^  527,  ^  492,  and  'v  460 
nm.  In  previous  experiments  we  have  produced  a  substantial  Na3  concentration 
(>  10  -V cc )  albeit  in  a  limited  reaction-amplification  zone.  In  order  to  demonstrate 
continuous  chemical  laser  oscillation,  however,  it  is  desireable  to  create  an 
enhanced  sodium  trimer  -  halogen  atom  reaction  zone  not  only  in  terms  of  reactant 
concentration  but  also  with  respect  to  the  amplification  zone  path  length.  The 
overall  apparatus  design  depicted  in  Figure  8  is  meant  to  accomodate  high 
intersecting  reactant  flows  from  both  sodium  trimer  and  (dual  rotatable)  halogen  atcn 
sources  in  order  to  produce  a  considerably  enhanced  concentration  of  Na2  amplifiers 
over  an  extended  path  length.  This  system  attempts  to  increase  the  Na3  reaction  - 
amplification  zone  concentration  by  repositioning  the  trimer  and  halogen  atom  sources 
relative  to  each  other  and  facilitating  the  halogenation  process  much  closer  to  the 
alkali  source  nozzle  itself,  in  a  gas  dynamic  configuration.  We  incorporate  the 
facility  for  the  in-situ  adjustment  of  the  alkali  and  halogen  source  positions, 
including  the  ability  to  rotate  dual  alkali-trimer-flow-encompassing  halogen  atom 
slit  sources  (Figs.  8(b),  8(d))  so  as  to  optimize  flow  mixing.  Further,  as  a  means 
of  increasing  the  reaction  zone  and  gain  length,  we  are  testing  a  continuous  flow 
slit  source  technology  to  create  at  least  an  'v  5  cm  long  amplification  zone.  Here  a 
small  circular  "pinhole"  nozzle  used  in  previous  experiments^-  is  now  replaced  by  a 
slit  approximately  IOOjj  in  width  by  2  1/2"  in  length. 
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Figure  8: 
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The  overall  alkali  source  design  pictured  in  Fig.  8(a)  in  side  and  partial 
frontal  view  corresponds  to  a  full  seeded  configuration  where  helium  or  argon  can  be 
passed  through  the  rear  diverging  gas  sourde  assembly,  flowing  over  molten  sodium, 
the  mixture  then  being  expanded  through  the  frontal  nozzle  slit  configuration.  In  a 
pure  sodium  supersonic  expansion,  the  Na3  constituency  is  dominated  by  a  much  larger 
atom  and  cold  dimer  concentration.^*  While  this  constituentcy  will  not  interfere  at 
the  Na2  amplifier  wavelengths  characteristic  of  the  Na3-halogen  atom  reaction 
systems,  it  is  desireable  to  minimize  the  atom  and  dimer  while  increasing  the  trimer 
concentration.  The  trimer  concentration  can  be  altered  and  improved  by  seeding  the 
expansion  with  helium,  argon,  or  other  noble  gas  atoms.  In  fact  several 
researchers  have  demonstrated  that  the  atom  and  dimer  concentrations  can  be  made 
quite  small  relative  to  the  much  larger  sodium  polymers.  We  do  not  wish  to  operate 
at  these  extreme  expansion  conditions  but,  rather,  seek  a  middle  ground  which  will 
allow  formation  of  the  trimer  and  a  few  larger  clusters.30  This  condition  can  be 
accomplished  through  the  appropriate  adjustment  of  parameters  which  can  be 
manipulated  in  the  expansion  including  (1)  the  rear  oven  stagnation  pressure  (argon  - 
sodium),  (2)  the  frontal  nozzle  temperature,  and  (3)  the  ratio  of  the  supersonic 
expansion  source  pressure  to  the  overall  expansion  chamber  pressure. 


In  the  overall  experimental  design  depicted  in  Figure  8  the  sodium  slit  source 
connected  to  a  liquid  nitrogen  cooled  bulkhead  apparent  in  the  figure,  is  positioned 
relative  to  the  dual  halogen  slit  sources  located  above  and  below  the  position  of  an 
alkali  sheath  created  upon  expansion  from  this  alkali  slit  source.  The  halogen  slit 
sources  are  designed  to  optimize  the  interaction  of  the  alkali  trimer  and  halogen 
atoms  over  the  entire  width  of  the  intersecting  reactant  sheaths,  created  as  the  dua' 
halogen  flow  intersects  the  alkali  constituency.  The  optical  train  defining  the 
laser  cavity,  encompassed  on  each  end  by  self  cleaning  optical  windows  as  indicated 
in  Fig.  8(b),  is  parallel  to  the  intersection  of  the  alkali  and  halogen  flows  This 
reaction  zone  cavity  configuration  is  designed  to  allow  for  1)  short  transit  of  the 
reactants  Na3  and  X  *  Cl,  Br,  I  to  the  reaction  -  amplification  zone,  2)  flexible 
movement  of  these  sources  with  respect  to  each  other  and  with  respect  to  the  flow 
patterns  created  in  the  system  and  3)  minimal  interaction  of  these  reactants  with 
laser  cavity  windows.  To  insure  this  minimal  interaction,  the  self-cleaning  optical 
windows  noted  previously^  are  used.  The  reaction  zone  is  evacuated  through  a  35 
cubic  foot  ballast  tank  followed  by  a  1250  CFM  Stokes  -  Roots-Blower  combination. 

Initial  Experimental  Results 


In  our  initial  successful  operation  of  the  upscaled  Nax  -  X  system,  we  have  been 
concerned  with  the  evaluation  of  pure  sodium  supersonic  expansions  and  the 
optimization  of  expansion  conditions  so  as  to  demonstrate  the  formation  of  a  cooled 
and  hence  supersonically  expanded  sodium  dimer  constituency.  In  conjunction,  we  are 
attempting  to  build  up  the  trimer  concentration  to  the  level  desired  to  form  an 
extended  path  length  amplification  zone.  We  find,  not  surprisingly,  that  the  nature 
of  the  created  excited  state  concentrations  in  the  extended  path  reaction  zone  depend 
both  on  the  positioning  and  orientation  of  the  alkali  and  halogen  sources. 


With  the  alkali  source  nozzle  and  halogen  sources  positioned  within  3.8  cm  of 
each  other,  the  alkali  system  operated  under  conditions  which  produce  significant 
concentrations  of  cooled  Na2,  and  the  halogen  slit  sources  oriented  at  75°  relative 
to  the  sodium  flow  in  a  direction  away  from  the  alkali  nozzle,  we  observe  the 
emission  associated  with  Nax-Br  reactions  depicted  in  Fig.  9.  This  signature 
observed  along  the  path  of  the  optical  train  in  Fig.  8  consists  of  a  dominant  Na7  A-X 
and  Na  D-line  and  considerably  weaker  B-X  emission  feature.  Further  analysis  1 
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the  A  state  in  the  region  close  to  590  nm  ■  vlbratlonal  structure,  correlating  with 

levels  of  the  Na2  X  if  +  gro^d  state  "JL1*  “S?Ci*i*d  with  the  lowest  vibrational 

strongest  A-X  transitionsVrank-Condon  ?°eS  n0t  correlate  with  the 

laser  induced  pumping  from  the  ground  electronic  s^tp  28°  Jeadily  excited  through 

what  may  be  a  superposition  of  several  vibrational  ’  In  faCt’  ib  corresP°nds  to 
levels  of  the  A  state  (ex:  Na  ’  vibrational  or  op  res  si  one  4 .  ..  ■  -  - 
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several  ,  xn  ract’  dt  corresponds 

- VMi  wa.  A  l”+  vibrat^nal  progressions  involving  the  v'  > 

selective  emission  from  one  of2the  vV  -  21  24  27  *30  f8  \V"  *  1_6)  °r  to  a  very 

Further,  the  sharp  nature  of  the  observJ  I  •  V 30  ’  leVels  of  the  A  state, 

confirm)  that  the  emission  is  to  be  assoc ia ted 'wiThth'"”5  s“8*ests  <a"d  simulations 
cold  Na2.  The  experimental  conditions  are  sJch  Jhat  a6  transfer  pumping  of 

concentration  which  can  react  quite  eff  icieni-1  v  n  S18ni^lcant  alkali  dimer 
Mr  is  present  in  the  expansion  (I  HTsl  T  B'  •>”*“«  ground  state 

Torr)  but  a  substantial  alkali  trfeonc^rttioS^C  I  A  ^ 

then  suggest  that  the  signature  results  frnm  If  7  yet  be  generated.  We 
by  vibrationally  excited  NaBr,  to  produce  an  A-X  transfer  pumPin8  of  cold  Na2 

that  characterizing  the  Na-,  -  Br  reaction  1  Thp  n  ?10n  sPactfum  much  sharper  than 
transfer  pumping  of  the  Nao  A  stat-p  i  c  . Precise  mechanism  for  the  energy 

remains  for  us  to  continually  Further’  ib 

sodium  trimer  concentration.  This  will  Kp  an  i •  °"d^tl0ns  so  as  to  increase  the 
expansion  and  with  the  mi'xed  sodiiL-ariLn „  =COm?llsbed  b°bb  in  a  pure  Na  vapor 
elsewhere. b  8  expansion  described  above  and  in  detail 


nuuiowieageaent 

Bill  Watt,  T . lool^Stan  PatterJo^lolf tG^ossfUSh<iiSCUSf 1008  With  Drs’  R*  Jones’ 
Perram,  and  E.  Dorko  concerning  this studv ThJ Sberwin  Ammoto,  John  Dering,  Glen 
Foundation  through  a  grant  from  Mrc  r  ^  support  of  the  Georgia  Tech 

through  the  Short  Tert  Innovative  Research  Prog^"  th^A-^v  ****  Research  0ffice 
Scientific  Research  and  Atmy  ^e^Liated. 


SPIE  Vol.  1871  Intense  Laser  Beam-,  and  Applications  (1993)  /  31 


REFERENCES 


3. 

4. 

5. 


6. 


8. 

9. 

10. 


11. 

12. 


13. 

14. 

15. 

16. 


17. 


18. 

19. 


W.  H.  Crumley,  J.  L.  Gole,  and  D.  A.  Dixon,  J.  Chem  Phv<5  7fi  o 

•  JJ-  Cobb*  J*  R*  200HWarH’  “!}  J‘  L*  GOle’  Che“-  Phys-  Letr’u3?  205  (1988). 

I'  l  Cobb’  J *  J*  2o°HWarH’  “J  t'  tL*  ?**’  Chem-  Phys*  Lett-  157  197  (1989). 

b.  H.  Cobb,  JR.  Woodward,  and  J.  L.  Gole,  Proceedings  of  the~F^urth 

International  Laser  Science  Conference,  A.I.P.  Conf.  Proc.  No.  191  Optical 
Science  and  Engineering  Series  10,  pg.  68.  ’  Upticai 

Elect  K*  K*  Shen’  and  J-  L*  Gole*  IEEE  dour,  of  Quant. 

Elect.  JQE  26,  1574  (1990).  J.  R.  Woodward,  S.  H.  Cobb,  and  J.  L.  Gole 

ProceeNon819?  ^.Fo^h.International  Laser  Science  Conference,  A.I.p!  Conf. 
Proc.  No.  191,  Optical  Science  and  Engineering  Series  10,  pg.  63. 

c.  j.  Green  and  J.  L.  Gole,  Chemical  Physics  100.  133  (1985). 

R.  W.  Woodward,  JS.  Hayden,  and  J.  L.  Gole,  Chemical  Physics  100,  153  (1985). 
J.  L.  Gole,  J  R.  Woodward,  S.  H.  Cobb,  K.  K.  Shen,  and  J.  R.  D^ihty,  SPIE 

Lasers  (1990)  \IV (  International  Symposium  on  Gas  Flow  and  Chemical 

Lasers  U990),  pg.  125  (and  references  therein).  J.  L.  Gole,  K.  K.  Shen  C  B 

Winstead,  anc  D.  Grantier,  Journal  de  Physique  IV,  Colloque  C7,  supplement  au  ' 
Journal  de  Physique  III,  Vol.  1,  December  1991,  pg.  609. 

J.  L.  Gole,  K.  K.  Shen,  H.  Wang,  and  D.  Grantier,  "Chemically  Driven  Pulsed  and 
Continue™  Visible  Laser  Amplifiers  and  Oscillates",  Proceedings  Ti  Se  23^ 

“d  US8r  Sclence  Conference.  Nashville,  Tennessee,  AIAA 

fa«^n„Sfen’  W^n8,  and  J'  L’  Gole’  "Evidence  for  Continuous  Visible  Chemical 
Lasing  from  the  Fast  Near  Resonant  Pumping  of  Atomic  Sodium",  IEEE  Journal  of 
Quantum  Electronics,  in  press. 

(l978)SWearen8en’  S'  J*  Davis*  and  T*  M‘  Nie“czyk,  Chem.  Phys.  Lett.  55,  274 

S.  H.  Cobb,  M.  McQuaid,  and  J.  L.  Gole,  unpublished,  see  also  references  3-6. 

D.  Husain  and  P.  E.  Norris,  J.  C.  S.  Faraday,  II,  93,  106,  335  (1978)  and 
.  Husain  and  P.  E.  Norris,  Chemical  Physics  Letters  51,  206  (1977). 

A.  Ga“P£,  Kuske,  and  H.  J.  Andra,  "Accurate  Lifetime  Measurements  of  the 
ppWe3351-3^59S(1982)in  NeUtral  Lithium  and  Sodium",  Physical  Review  A,  Vol.  26, 

jlementary  Atomic  Structure,  by  G.  K.  Woodgate,  Clarendon  Press,  Oxford,  1980. 

C.  E.  Moore,  Atomic  Energy  Levels",  N.  B.  S.  Circular  467,  Volumes  I,  II,  and 
HI.  See  also,  R.  W.  F.  Gross  and  J.  F.  Bott,  Handbook  of  Chemical  Lasers. 

Wiley  and  Sons,  New  York,  1976.  - - — ' 

For  the  Na  4d  D  level,  S.  A.  Kandela,  Appl.  Optics  23,  2151  (1984). 

For  the  Na  5s  S  level,  X.  He,  B.  Li,  A.  Chen,  and  C.  Zhang,  J.  Phys.  B. , 

At.  Molec.  and  Opt.  Phys.  23,  661  (1990). 

A.  Gallagher  and  A.  Lurio,  Phys.  Rev.  136.  A87  (1964). 

A.  S.  Tibilov  and  A.  M.  Shukhtin,  Opt.  Spectrosc.  21,  69  (1966).  See  also, 
(1985) Hube»  w<  Luhs  and  B.  Wellegehausen,  Appl.  Phys.  B37.  137-140 

Chemical  Laser  Experiments  and  Analysis,  Directed  Energy  Devices  Technology 
Support  Delivery  Order  No.  0015  prepared  by  W.  Smith,  S.  Taylor,  J.  Dansereau, 

J.  Long,  and  W.  Warren  for  U.  S.  Army  Missle  Command,  Directed  Energy 
Directorate,  Redstone  Arsenal,  Alabama  35898. 

G.  Roll  and  J.  Mentel,  J.  Phys.  D.  Appl.  Phys.  22,  483-487  (1989). 

The  Na  4dzD5/2  -  3p2P3/2  transition  should  represent  the  most  favorable  to 
achieve  gain  and  oscillation.  The  4d  D 3/2  level  emits  dominantly  to  3p2Po/9 
whereas  the  Ad*‘D3/2  level  depletes  its  population  to  both  the  3p^Pi/2  andJ/Z 
3p  p3/2  levels.  Consideration  of  collisional  relaxation  among  the  3p^P  levels 


i2  /  SPIE  Vol.  1871  Intense  Laser  Beams  and  Applications  (1993) 


would  also  suggest  that  the  collisionally  depleted  3p2P2/2  level  is  favored  as 
the  lower  laser  level. 

20.  "Self-Flushing  Optical  Window  to  Prevent  Collection  of  Condensates",  W.  H. 
Crumley,  and  J.  L.  Gole,  Rev.  Sci.  Instruments  57,  1692  (1986). 

21.  A.  V.  Eremin,  I.  M.  Naboko,  and  S.  A.  Palopezhentsev,  Opt.  Spectrosc.  (USSR) 

60,  567  (1986). 

22.  (a)  V.  G.  Mishakov  and  T.  L.  Tkachenko,  Opt.  Spectrosc.  (USSR)  64(3),  293 

(1988).  (b)  V.  V.  Kuchinskii,  V.  G.  Mishakov,  A.  S.  Tibilov,  and  A.  M. 

Shukhtin,  Opt.  Spektrosk.  39,  1043  (1975)  [Opt.  Spectrosc.  (USSR)  39,  598 
(1975)].  (c)  A.  A.  Kudryavsev,  V.  N.  Skrebov,  and  T.  L.  Tkachenko,  Opt. 

Spectrosk.  58,  694  (1985)  [Opt.  Spectrosc.  (USSR)  58,  420  (1985)].  (d)  V.  G. 

Mishakov,  A.  S.  Tibilov,  and  A.  M.  Shukhtin,  Opt.  Specktrosk.  31,  324  (1971) 
[Opt.  Spectrosc.  (USSR)  31^,  176  (1971)].  (e)  N.  N.  Bezuglov  and  A.  B.  Tsyganov, 

Opt.  Spektrosk.  59,  195  (1985)  [Opt.  Spectrosc.  (USSR)  59,  115  (1985). 

23.  I.  Tanarro,  F.  Arqueros,  and  J.  Campos,  J.  Chem.  Phys.  77,  1826  (1982). 

24.  J.  W.  Ager  III,  C.  L.  Talcott,  and  C.  J.  Howard,  J.  Chem.  Phys.  85,  5584 
(1986).  J.  R.  Woodward,  J.  S.  Hayden,  and  J.  L.  Gole,  Chemical  Physics  134 , 

395  (1989). 

25.  B.  Wellegehausen,  in  "Metal  Bonding  and  Interaction  in  High  Temperature  Systems 
with  Emphasis  on  Alkali  Metals",  A.  C.  S.  Symposium  Series  179,  edited  by  J.  L. 
Gole  and  W.  C.  Stwalley  (Am.  Chem.  Soc.,  Washington,  D.  C.)  p.  462,  B. 
Wellegehausen,  J.  of  Quantum  Electronics  15,  1108  (1979). 

26.  See  for  example,  R.  S.  Berry  and  C.  W.  Reimann,  J.  Chem.  Phys.  38,  1540  (1963), 
R.  S.  Berry,  J.  Chem.  Phys.  27>  1288  (1957),  W.  S.  Struve,  J.  R.  Krenos,  D.  L. 
McFadden,  and  D.  R.  Herschbach,  J.  Chem.  Phys.  62,  404  (1975).  R.  C.  Oldenborg, 
J.  L.  Gole  and  R.  N.  Zare,  J.  Chem.  Phys.  60,  4032  (1974).  Given  Na2  and  Na2 
ionization  potentials  of  4.87  and  3.97  eV  (A.  Hermann,  E.  Schumacher,  and  L. 
Woste,  J.  Chem.  Phys.  68,  2327  (1978)  and  an  electron  affinity  of  3.363  eV  for 
atomic  bromine,  we  determine  a  very  substantial  electron  jump  cross  section 

o  =  ti  (14.38/3.97-3.36)  =  1746  A2  (1.75  x  10“*2  cm2)  for  the  Na3  -  Br  reaction 
and  o  =  it  (14.38/(4.87-3.36))  =  285  A2  (2.85  x  10"14  cm2)  for  the  Na2  -  Br 
reaction. 

27.  E.  J.  Mansky  and  J.  L.  Gole,  work  in  progress. 

28.  J.  L.  Gole,  G.  J.  Green,  S.  A.  Pace  and  D.  R.  Preuss,  J.  Chem.  Phys.  76,  2247 
(1982),  and  references  therein. 

29.  For  example,  M.  M.  Kappes,  R.  W.  Kunz,  and  E.  Schumacher,  Chem.  Phys.  Lett. 

91,  413  (1982). 

30.  We  wish  to  facilitate  the  formation  of  Na2  in  the  B,  C,  and  C'  excited  states 
in  an  electronically  inverted  configuration,  to  do  this,  Na2  molecules  must 

be  present  and  react  with  halogen  atoms.  Here,  it  is  important  to  note  that  the 
oscillator  strengths  for  any  of  the  larger  sodium  polymers  (Nan,  n>3)  are 
sufficiently  small  verses  Na2  so  that  they  do  not  interfere  with  the  sodium 
dimer  pump  amplification  cycle. 


SPIE  Vol.  1871  Intense  Laser  Beams  and  Applications  (1993)  /  33 


APPENDIX  X 


"Chemically  Driven  Continuous  Visible  Laser  Amplifiers  and  Oscillators  Based  on 
Metal  Molecule  -  Halogen  Atom  Reactions",  D.  Grander,  H.  Wang,  C.  B.  Winstead, 
and  J.  L.  Gole,  Proceedings  of  the  24th  ALAA  Plasma-dynamics  and  Laser  Science 
Conference,  Orlando,  Florida,  ALAA  93-3207  (1993). 


AIAA  93-3207 

Chemically  Driven  Continuous 
Visible  Laser  Amplifiers  and 
Oscillators  Based  on  Metal 
Molecule  -  Halogen  Atom 
Reactions 

D.  Grantier,  H.  Wana  C.  B.  Winstead,  and  J.  Gole 

aSS* gaSS  lns“e  01  T"’"°10®' 


AIAA  24th 

Plasmadynamics  &  Lasers  Conference 
July  6-9, 1 993  /  Orlando,  FL 


For  permission  to  copy  or  republish,  contact  the  American  Institute  of  Aeronautics  and  Astronautics 
370  L'Enfant  Promenade,  S.W.,  Washington,  D.C.  20024 


CHEMICALLY  DRIVEN  CONTINUOUS  VISIBLE  LASER  AMPLIFIERS  AND  OSCILLATORS 
BASED  ON  METAL  MOLECULE  -  HALOGEN  ATOM  REACTIONS 


D.  Grander,  H.  Wang,  C.  B.  Winstead  and  J.  Goi. 
School  of  Physics 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 


ABSTRACT 


Using  the  highly  efficient  and  selective 
formation  of  sodium  dimer  excited  states  from  the 
sodium  trimer-halogen  atom  Na3-X(F,Cl,Br,I) 
reactions  and  extrapolated  analog  systems,  we  seek 
to  develop  visible  and  ultraviolet  lasers  based  on 
the  successful  production  of  visible  chemical  laser 
amplifiers.  The  Na3-X(Cl,Br,I)  reactions  have  been 
shown  to  create  a  continuous  electronic  population 
inversion  based  on  the  chemical  pumping  of  sodium 
dimer  (Na2).  Optical  gain  through  stimulated 
emission  has  been  demonstrated  in  the  regions 
close  to  527,  492,  and  460  nm.  These  observations 
are  in  close  analog  to  optically  pumped  alkali 
c*3nl®r  lasers.  A  model  which  envokes  the 
vibrational  and  rotational  selectivity  inherent  to 
a  dissociative  ionic  recombination  process  (Na3+  ♦ 

X  -  Na2  +  NaX),  correlated  with  the  coupling 
between  select  sodium  dimer  excited  states, 
provides  a  semiquant itative  explanation  of  the 
observed  trends.  An  analysis  of  the  system 
suggests  that  the  monitored  gain  (max  of  3.8Z  at 
*  527  nm  corres.  to  a  *  8  x  10*3/cm  for  an 
individual  rovibronic  level)  can  be  enhanced 
considerably  with  a  more  versatile  source 
configuration.  The  considered  asipliflers  are 
therefore  being  optimised  with  a  focus  to 
increasing  amplifier  gain  length  and  amplifying 
medium  concentration.  A  device  has  been 
constructed  to  allow  the  ready  moveswnt  of  extended 
length  alkali  trimer  and  halogen  atom  slit  sources 
relative  to  each  other  so  as  to  create  interacting 
alkali  and  halogen  atom  sheaths.  The  controlled 
intersection  of  these  sheaths  can  form  an  extended 
reaction  -  amplification  zone.  This  extended  gain 
zone  is  required  to  facilitate  the  conversion  of 
the  created  amplifiers  to  visible  chemical  laser 
oscillators.  We  report  results  obtained  with  this 
up-scaled  device,  where  the  alkali  metal  is 
expanded  in  both  pure  and  seeded  supersonic 
expension.  We  report  progress  in  extending  the  Na-. 

-  X  amplifier  concept  to  the  study  of  the  Na-.  -  F 
and  Lij  -  X  alkali  trimer-halogen  atom  based"5 
reactions,  the  potential  excimer  forming  M-, 
(M-Mg.Ca,Sr.Ba.  end  Mn)  -  X(F,C1)  -»  M2  ♦  MX 
reactions,  and  the  correlated  formation  of  Group 
IIA  dihalide  excited  states  from  M  +  X,  reactive 
encounters.  4 


nmooucnoM 


"A  Highly  Efficient  and  Selective  Electron- Joh>- 
Harpoon  Process" 


The  collision  dynamics  of  processes  proceeding 
on  electronically  excited  surfaces  is  fundamental 
to  the  attainment  of  population  inversions  based  on 
electronic  transitions  in  the  visible  spectral 
region.  A  particular  subgroup  of  these 
electronic  energy  transfer  processes  involves  natal 
atoms  or  molecules  of  low  ionization  potential. 
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These  species  react  very  efficiently  with  atoms  or 
molecules  of  significant  electron  affinity  via  what 
is  termed  the  electron  jump-harpoon  process.  It  is 
this  process,  specifically  involving  the  reaction 
or  metal  tnmers  and  forming  the  product  metal 
dimer  and  metal  halide,  that  may  represent  one  of 
the  few  direct  chemical  routes  to  produce  elec¬ 
tronically  inverted  products.  The  alkali  trimer 
molecule,  Na3.  readily  provides  an  electron  to 
harpoon  a  hungry  halogen  atom,  X.  producing  a 
switch  from  the  interaction  of  two  neutral  species 
to  that  of  two  ions  (Na3+  U‘),  The  convergence 
crossing,  and  interaction  of  the  two  potentials 
describing  the  neutral  (covalent)  and  ionic 
( coulombic)  constituencies  allows  an  effective 
switch  of  the  reactants  (curve  crossing).  For  Na-, 
with  its  low  ionization  potential,  the  curve  cross¬ 
ing  occurs  at  very  long  range  (>  10*)  leading  to  a 
high  cross  section  for  product  Na2  formation. 

Based  upon  the  experimental  results  obtained  thus- 
far  in  our  laboratory,  the  sodium  trimer  reactions 
show  not  only  vibrational  but  also  rotational 
selectivity  as  they  create  electronic  population 
inversions  in  the  product  Na2.  Theoretical 
considerations  would  suggest  that  these  trimer 
reactions  and  their  analogs  represent  key  pro¬ 
cesses  to  yield  electronically  inverted  products 
in  direct  chemical  reaction.1’2 

Continuous  Chemical  Laser  Amplifiers  In  the  Visible 
Region  Baaed  on  Highly  Efficient  and  Selective 
Chemical  Reaction 


The  Na3  -  X  reactions  form  an  unusual  class  of 
reactive  encounters.  The  optical  signatures  for 

the  processes 

Na3  +  Cl.Br.I  -►  Na2*  +  NaX  (X  -  Cl.Br.I) 

encompass  emission  from  a  limited  group  of  low- 
lying  Na2  excited  states.4  The  observed  dimer 
emission  is  characterized  by  sharply  defined 
emission  regions4  (Fig.  1)  superimposed  on  a  much 
weaker  Na2  background  fluorescence.  The  sharp 
emission  features  cannot  be  explained  by  invoking  a 
purely  fluorescent  process,  and  resemble  in  their 
behavior  characteristics  similar  to  those  of 
optically  pumped  Na2  laser  systems.4,3*®  In  the 
visible  spectral  region,  these  features  grow  at  a 
near  exponential  rate  with  increasing  Na3  concen¬ 
tration,  relative  to  the  Na2  background  spectrum, 
suggesting  the  possibility  that  stimulated  emission 
might  be  associated  with  certain  of  the  emitting 
Na2  reaction  products.  Laser  gain  measurements 
carried  out  to  assess  this  possibility  throughout 
the  visible  region  reveal  optical  gain  through 
stimulated  amission  and  the  creation  of  population 
inversions  on  thase  select  Na2  electronic 
transitions. 


Measurements  at  0.5  cm  3  resolution  suggest 
amplification  in  regions  close  to  527  nm  (1Z  gain), 
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492  nm  (0.3Z  gain)  and  460. 5  na  (0.8Z  gain), 
corralating  pracisaly  with  tha  raactiva  procaaa  and 
tha  ralaciva  intanaitiaa  of  thosa  faaturas  obaarvad 
whila  aonitoring  tha  light  aaittad  from  tha  Na3-Br 
raaction  (Fig.  1).  High  rasolution  ring  dya  laser 
scans  in  tha  527  na  ragion  indicata  that  tha  gain 
for  tha  systaa  is  a  ainiaua  of  3.8Z  for  the 
dominant  rovibronic  transition  in  this  region  with 
approximately  four  to  seven  individual  rotational 
transitions  showing  gain.  At  459.8  na,  wa  also 
have  measured  a  2.3Z  gain  for  an  individual 
rotational  transition.  These  results  demonstrate 
the  continuous  amplifying  medium  for  a  visible 
chemical  laser  in  at  least  three  wavelength 
regions.  ’ 5  At  no  other  scanned  wavelengths  do  wa 
find  any  indication  of  gain  as  we  monitor  tha 
entire  wavelength  region  from  420  to  600  na.  Wa 
have  generally  observed  slight  losses  of  tha  lasar 
photon  flux  resulting  primarily  from  scattering, 
and,  to  a  much  smaller  extant,  absorption  upon 
transmission  through  tha  Na3  -  Br  reaction  zona. 

In  the  region  of  tha  sodium  D-line,  wa  monitor  a 
substantial  absorption  and  loss  as  a  function  of 
tha  trimer-halogen  atom  reaction.4,5 

As  wa  have  suggested  in  our  initial  comments, 
tha  Na3-halogen  atom  reactions  are  thought  to 
proceed  via  an  electron  juaip  mechanism  with 
extremely  high  cross  sections,  producing  sub¬ 
stantial  Na2  excited  state  populations.  The 
question  of  why  tha  Na3-X  reactions  appear  to 
demonstrate  vibrational  and  rotational  selectivity 
in  certain  wavelength  regions  may  be  explained  by 
invoking  a  model  for  tha  dissociative  ionic 
recombination,  Na3+  +  X*  -  Na2  +  NaX,  and  the  curve 
crossings  which  influence  the  distribution  of 
product  molecules  for  this  process.2  Such  a  model, 
coupled  with  an  analysis  of  the  electronic  coupling 
between  select  sodium  dimer  excited  states,2 
appears  to  provide  a  semlquantitative  explanation 
of  the  observed  population  inversions. 

Once  created,  the  monitored  population 
inversions  are  thought  to  be  maintained  in  a 
continuously  amplifying  system  (1)  by  the  large 
number  of  free  halogen  atoms  reacting  with  the  Na2 
molecules  in  those  ground  state  levels  on  which  the 
transitions  emanating  from  the  Na2  excited  states 
terminate  and  (2)  by  collisional  relaxation  of  the 
ground  state  sodium  dimer  molecules.  The  cross 
section  for  reaction  of  vlbrationally  excited 
ground  state  Na2  is  expected  to  be  quite  sub¬ 
stantial  relative  to  the  cross  section  for 
collision  induced  vibrational  deactivation  of  the 
Na2  manifold.  Iitremely  efficient  reactions  are 
thought  to  greatly  assist  the  depletion  of  the 
lower  state  levels  in  this  system  allowing  one  to 
sustain  a  continuous  population  inversion.  Our 
major  efforts  thusfar  have  focused  on  the  Na2  B-X 
spectral  region  and  the  potential  development  of 
laser  oscillators  at  wavelengths  in  the  vicinity 
of  527  and  460  na.  In  order  to  approach  these 
studies,  we  have  been  developing  the  means  to 
create  a  considerably  longer  path  length 
amplification  region. 

Development  of  am  Ixtamdnd  Path  Length  «a3  -  X 
(Cl.Br.I)  Reaction  -  Amplification  Zoos 


%  460  nm.  In  these  previous  experiments  we 
have  obtained  a  substantial  Na3  concentration 
(>  l<rJ/cc)  in  a  limited  reaction-amplification 
zone.  •  In  order  to  demonstrate  continuous 
chemical  laser  oscillation,  however,  it  is 
desireable  to  create  this  enhanced  sodium  trimer  - 
halogen  atom  reaction  zone  over  an  extended 
amplification  zone  path  length.  The  overall 
apparatus  design  depicted  in  Figures  2  and  3  is 
meant  to  accomodate  high  intersecting  reactant 
flows  from  both  sodium  trimer  and  (dual  rotatable) 
halogen  atom  sources  in  order  to  produce  a 
considerably  enhanced  concentration  of  Nao 
amplifiers  over  an  extended  path  length.  “This 
system  attempts  to  increase  the  Na3  reaction  - 
amplification  zone  concentration  by  repositioning 
the  trimer  and  halogen  atom  sources  relative  to 
each  other4*5  and  facilitating  the  halogenation 
process  much  closer  to  the  alkali  source  nozzle 
itself,  in  a  gas  dynamic  configuration.  We 
incorporate  the  facility  for  the  in-situ  adjustment 
of  the  alkali  and  halogen  source  positions. 

In  order  to  increase  the  reaction  zone  and 
gain  length,  we  are  testing  a  continuous  flow  slit 
source  technology  to  create  at  least  a  5  cm  long 
amplification  zone.  Here,  a  small  circular 
"pinhole"  nozzle  used  in  previous  experiments4, 5  is 
now  replaced  by  a  slit  approximately  100u  in  width 
by  2  1/2"  in  length.  Two  slit  configurations  have 
been  employed  to  accomplish  this  goal.  The  design 
used  initially,  depicted  in  Figure  3(a),  of  0.003" 
width,  was  fabricated  from  316  stainless  steel 
using  an  EDM  (electric  discharge  machining) 
process.  These  slits  were  not  sufficiently 
resistive  to  the  corrosive  effects  of  the  system 
reactants  (primarily  sodium)  and  quickly  widened  to 
0.020"  (i  2  runs).  An  improved  slit  nozzle 
constructed  from  molybdenum  (Fig.  3(b))  has  proven 
considerably  more  resistant,  widening  from  0.003  to 
0.006"  after  six  experimental  runs. 


In  order  to  produce  a  more  efficient  cooling 
in  the  alkali  expansion  it  is  desireable  to  operate 
with  narrower  slits  which  exhibit  a  minimal 
interaction  with  the  expanding  alkali  vapor. 

Figures  3(c)-(e),  in  combination,  outline  a  more 
successful  design.  As  depicted  in  Figs.  3(c)  and 
3(d),  the  nozzle  consists  of  two  pieces.  Two 
sheets  of  0.005"  tantalum  are  prepared  and  mounted 
on  the  back  portion  of  the  nozzle  (Fig.  3(d))  as 
they  are  positioned  to  form  the  slit.  The  front  of 
the  nozzle,  with  a  mildly  diverging  section,  fits 
over  the  back  portion  of  the  device,  tightly 
sandwiching  the  tantalum  sheets  and  thus  forming 
the  actual  slit  (Fig.  3(e)).  These  tantalum  sheets 
can  be  positioned  under  a  Vickers  microscope  to 
produce  a  slit  less  than  0.003"  in  width.  These 
widths  are  precisely  adjusted  and  determined  using 
single  slit  diffraction  techniques. 

The  overall  alkali  source  design  pictured  in 
Fig.  2(a)  in  side  and  partial  frontal  view 
corresponds  to  a  full  seeded  configuration  where 
helium  or  argon  can  be  passed  through  the  rear  gas 
source  assembly,  flowing  over  molten  sodium.  The 
mixture  is  subsequently  expanded  through  the 
frontal  nozzle  slit  configuration.  In  a  pure 
sodium  supersonic  expansion,  the  Na3  constituency 
is  dominated  bv  a  much  larger  atom  and  cold  dimer 
concentration.8  The  expanded  dimer  will  not 
interfere  at  tha  Na2  amplifier  wavelengths 


It  is  necessary  to  improve  the  magnitude  of 
the  amplification  determined  previously  for  the 
sodium  dimer  amplifiers  at  ^  527,  “\.  492,  and 


characteristic  of  tha  Na3-halogen  atom  reaction 
systaas  however,  it  is  desireable  to  minimize  tha 
atom  and  diaar  while  increasing  tha  triaar 
concentration.  Tha  triaar  concantration  can  ba 
altarad  and  Improved  by  saading  tha  axpansion  with 
helium,  argon,  or  other  nobla  gas  atoms.  In  fact 
savaral  rasaarchars9  have  demonstrated  that  the 
atom  and  diaar  concentrations  can  ba  decreased 
considerably  relative  to  tha  ouch  larger  sodiuo 
polymers.  We  do  not  wish  to  operate  at  these 
extreme  expansion  conditions  but.  rather,  seek  a 
middl.  ground  which  will  allow  anhanc.d  formation 
of  tha  truer  over  that  of  tha  pure  axpansion 
concentration. t°  This  condition  can  be  realised 
through  tha  appropriate  adjustment  of  parameters 
which  can  ba  manipulated  in  tha  axpansion  including 
U)  the  rear  oven  stagnation  pressure  (argon  + 
sodium),  (2)  tha  frontal  nozzle*  temperature,  and 
•J)  tha  ratio  of  tha  supersonic  axpansion  source 
pressure  to  tha  overall  axpansion  chamber  pressure. 

Fi. „«"•>?!!!  ov*r*n  «P«rimental  design  depicted  in 
igura  2(b),  the  sodium  slit  source  is  positioned 
relative  to  the  dual  halogen  slit  sources  located 
above  and  below  the  reaction  zone.  The  halogen 
slit  sources  are  designed  to  optimize  the 
interaction  of  the  alkali  expansion  products  with 
the  created  halogen  atoms.  The  optical  cavity  is 
colinear  with  the  geometric  intersection  of  the 
planar  halogen  and  alkali  flows  as  indicated  in 
Figure  2  and  is  terminated  on  each  and  by  self- 
cleaning  optical  windows  (as  indicated  in  Figure 
™  «ntire  sodium  oven  and  cooling  Jacket 
assembly  can  be  translated  in  the  forward  and 
backward  directions  relative  to  tha  halogen  slit 
sources  for  optimal  control  of  the  positioning  of 
the  reaction  zona  relative  to  the  laser  cavity.  In 
summary,  tha  reaction  zone  cavity  configuration  is 
designed  to  allow  for  (1)  short  transit  of  the 

"*3  -"d  X  -  Cl.  Br.  I  to  the  reaction  - 
amplification  zone.  (2)  flexible  movement  of  these 
sources  with  respect  to  each  other  and  with  respect 
to  the  flow  patterns  created  in  the  system  and 
\  )  minimal  interaction  of  thasa  reactantj  with 
laser  cavity  windows.  To  insure  this  miniawl 
interaction,  the  self-cleaning  optical  windows 
noted  previously**  are  used.  The  reaction  zone 
is  evacuated  through  a  35  cubic  foot  ballast  tank 
followed  by  a  1250  CFM  Stokes  -  Boots-Blower 
combination. 


The  oven  and  nozzle  chambers  are  currently 
heated  differentially  and  resistively  using 
Thermocoax  wire  (Amperes,  inconel  sheath,  0.079" 
diameter).  The  wrapped  heating  elements  are 
powered  by  two  independent  Variac  transformer  power 
supplies  capable  of  delivering  25  amps  at  180  volts 
th*  h*lofen  dissociation  furnaces 
iFig.  2(d)),  desired  temperatures  are  achieved 
through  the  resistive  heating  (250+  amps,  \  50 
volts  (a.c.))  of  a  hollowed  high  density  carbon 
cylinder.  The  central  channel  of  each  cylinder 
is  accessed  to  the  reaction  zone  region  through  a 
single  slit  ■*.  0.006"  wide  by  two  Inches  in  length 
running  midway  down  the  cylinder.  Typically,  these 
halogen  dissociation  furnaces  are  operated  at 
temperatures  between  1700*  and  1900*  as  determined 
by  optical  pyrometry.  At  these  temperatures,  those 
halogen  molecules  entering  the  radiator  should  be 
greater  than  95*  dissociated.  The  halogen,  if  it 
is  liquid  bromine  (or  iodine)  is  held  in  a  glass 
bulk  separated  from  the  inlet  to  the  reaction  zone 


?*fi!VrPC°Ck-  In  th*  CaM  of  iodine.  this 
bulb  is  heated  to  attain  the  necessary  flow  rates 

needle*v!l!en*ly  COnCrolUd  UJin«  *  ^itey  SS-22RS4 

In  a  typical  "seeded"  argon  experiment,  both 

hr  ft4gn*tion  ov»n  *"<i  frontal  nozzle  are 

brought  slowly  to  a  temperature  of  »  450K  during 
which  time  hydrogen  Is  evolved  from  the  sample  *  a 

d^  „.P^.ltlVr<Pr'!SUr*  *rgon  purg*  l*  “intained 

during  the  entire  heating  cycle  to  prevent 

i?rkStruM^ngu0f  th*  ,odiua  v*P°r  into  the  seed  gas 
line.  With  the  hydrogen  evolution  complete  the 
oven  can  be  brought  rapidly  to  the  operating 
temperature  of  a  given  experiment.  A  major  aspect 
of  our  efforts  has  involved  the  continued 

°f  thi*  cycl*  in  °rder  to  generate  the 
initial  experimental  studies  described  in  the 
following  section.  Simultaneously,  the  halogen 
furnaces  are  heated  et  a  moderate  rate.  Since  the 
electrodes  supplying  current  to  the  halogen 
furnaces  are  water  cooled  (Fig.  2(b)),  their 
temperature  is  increased  slowly  to  prevent  them 
from  cracking. 

Overview  of  Initial  Experimental  Insults 

As  the  operating  temperature  of  the  sodium 
supersonic  expension  source  is  reached,  bromine 
molecules  ere  pessed  into  end  dissoci.ted  in  the 
halogen  furnaces  and  subsequently  fed  to  the 
reaction  zone.  This  process  produces  a  bright 
yellow-green  cylindrical  region  form*  between  the 
two  halogen  outlets.  By  varying  the  flow  of 
bromine  through  the  needle  valve,  we  induce  a 

V*!  r*U“v*  int«««ity  *  spatial  extent 
VI*  •*i”ion-  If  the  system  is  operated  at  a 
relatively  low  bromine  flux,  the  observed  chemi¬ 
luminescence  loses  mch  of  the  characteristic 
yellow  brightness  associated  with  the  sodium  D-line 
Mission  and  bears  a  dominantly  green  appearance. 

This  is  apparent  for  both  pure  and  seeded  expan¬ 
sions.  As  the  spectrum  of  Figure  4  demonstrates 
tor  a  pure  expansion,  the  monitored  spectral 
features  are  dominated  by  Na2  B-X  and  A-X  emission 
features  accompanied  by  a  weak  Na  D-line  emission. 

As  the  bromine  flux  is  increased,  the  observed 
emission  takes  on  a  strong  yellow  green  appear- 
anc.  due  most  likely  to  .  significant  increase  in 
j*12  lin*  This  is  exemplified  in  Figure 


In  the  configuration  outlined  in  Figure  2,  the 
halogen  sources  are  separated  by  approximately  6.4 
cm-  The  expanding  sodium  vapor  is  introduced  from 
its  source  configuration  et  a  distance  from  the 
reaction-viewing-zone  which  can  be  varied  in-situ 
from  y  12.7  to  3.8  cm.  Thusfar,  we  have  found  that 
a  variation  over  these  distances  has  little  effect 
on  the  content  of  the  observed  spectral  chemi¬ 
luminescence  and  only  servos  to  increase  or 
decrease  the  intensity  of  the  light  emission  as 
the  halogen  source/alkali  source  distance  is 
varied.  Currently,  we  have  chosen  to  operate  with 
the  alkali  expansion  source  positioned  between  5 
end  3.8  cm  from  the  halogen  sources. 


The  halogen  atom  sources,  while  not  yet 
rotatable  in-situ  can  be  configured  to  intersect 
the  plane  of  the  alkali  expansion  slit  source  at 
varying  angles  by  adjusting  their  orientation  prior 
to  a  given  experiment.  These  adjustments  in  the 


orientation  of  the  reactant  flows  (  v  t  15°  relative 
to  the  vertical  for  the  halogen  source  -  while 
maintaining  the  reaction  -  viewing  zone  orienta¬ 
tion)  do  produce  a  change  in  the  spectral  content 
of  the  observed  amission  features.  For  example, 
when  the  horizontal  component  of  the  velocity 
vector  of  the  halogen  atom  flow  is  directed  para¬ 
llel  to  the  alkali  flow,  we  observe  a  very  weak 
broad  spectral  emission  at  436.5  nm  (Fig.  6(a)) 
correlating  closely  with  what  has  been  identified 
as  a, ?rlpl*t-triplet  bound-free  transition  in 
Nai.  When  the  halogen  sources  are  configured 
perpendicular  to  the  alkali  flow  or  are  even 
slightly  rotated  from  the  parallel  to  an  angle 
10°  antiparallel  (Fig.  6(b))  to  the  alkali  flow,  a 
notable  enhancement  of  the  436.5  nm  feature  is 
observed.  As  the  halogen  flow  rate  is  increased, 
the  436.5  nm  feature  is  further  enhanced14, 15 
(Fig.  6(c)). 

In  our  initial  successful  operation  of  the  NaT 
-  X  system,  we  were  concerned  with  the  evaluation 
of  pure  sodium  supersonic  expansions  and  the 
optimization  of  expansion  conditions  so  as  to 
demonstrate  the  formation  of  a  cooled  sodium  dimer 
(Na2)  constituency.  This  process,  of  course, 
represents  the  first  step  in  our  attempt  to  build 
up  the  trimer  (Na3)  concentration  to  the  level 
desired  to  create  an  extended  path  length  sodium 
dimer  amplification  zone. 


With  the  alkali  source  nozzle  and  halogen 
sources  positioned  within  3.8  cm  of  each  other, 
the  alkali  system  operated  under  conditions  which 
should  produce  significant  concentrations  of  cooled 
Na2,  the  halogen  slit  sources  oriented  at  75° 
r®I*tlv*  to  the  sodium  flow  in  a  direction  away 
From  the  alkali  nozzle  a  moderate  bromine  flux, 
we  observe  the  emission  associated  with  Na--Br 
reactions  depicted  in  Fig.  5.  This  signature, 
observed  along  the  path  of  the  optical  train  in 
Fig.  2,  consists  of  a  dominant  Na  D-line  and 
considerably  weaker  Na2  B-X  emission  feature.  Also 
associated  with  the  D-line  are  several  features 
which  initially  were  thought  to  result  from  thm 
selective  excitation  of  Na2  A  vibrational 
levels.  This  observed  structure  if  it  corresponds 
to  A-X  emission  must  be  associated  with  the  lowest 
vibrational  levels  of  the  Na2  X  HS  ground  state. 
The  emission  does  not  correlate  with  the  strongest 
A-X  transitions  (Frank-Condon  factors)  which  can  be 
readily  excited  through  laser  induced  pumping  from 
the  ground  electronic  state.8  In  order  to  account 


for  selectively  produced  Na2  fluorescence  features 
in  the  region  of  the  D-line,  we  attempted  to  fit 
the  spectrum  to  a  linear  combination  of  several 
vibrational  progressions  involving  the  v'  2  21 
levels  of  the  A  state  (ex:  Na2  A  1E+,  v'  -  21  ■* 
n*2*  sg  •  v"  ”  1*6)  or  to  a  very  selective 
emission  from  one  of  the  v'  -21,  24,  27,  30  levels 
of  the  A  state.  Further,  the  sharp  nature  of  the 
observed  emission  features  suggests  that  they  night 
be  associated  with  the  energy  transfer  pumping  of 
cooled  Na2.  The  experimental  conditions  are  such 
that  a  significant  alkali  dimer  concentration  which 
can  react  quite  efficiently  with  Br  atoms  to  pro¬ 
duce  ground  state  NaBr  is  present  in  the  expansion 
^Toven  “  875  X,  Tn08aj_  -  935  K,  *  10  1 

Torr)  but  a  substantial  alkali  trimer  concentration 
may  not  yet  be  generated.  This  suggests  that  the 
signature  might  result  from  the  energy  transfer 
pumping  of  cold  Na2  by  vibratlonally  excited  NaBr, 


to  produce  an  A-X  emission  spectrum  much  sharper 
than  that  characterizing  the  Na3  -  Br  reaction.4-5 
All  attempts  to  fit  the  spectrum  to  Na2  A-X 
fluorescence,  consistent  with  the  constraints  we 
have  outlined,  have  not  been  successful. 

We  must  conclude  that  the  features  depicted  in 
Fig.  5  do  not  correspond  to  emission  from  the  Na->  A 
state.  An  alternate  assignment  for  these  surpris¬ 
ing  features  can  be  garnered  from  a  comparison  with 
the  optical  signatures  associated  with  "seeded" 
sodium  expansions  and  with  the  emission  spectra 
generated  in  a  pure  sodium  expansion  at  low  bromine 
flux  (Fig.  4)  where  the  Na  D-line  is  (1)  consider¬ 
ably  weaker  than  the  Na2  A-X  and  B-X  fluorescence 
features  and  (2)  devoid  of  any  satellite  structure. 
This  result,  obtained  in  pure  expansion,  signals 
the  correlation  of  an  associated  intense  D-line 
emission  with  the  manifestation  of  satellite 
structure.  Further,  we  note  that  the  spectrum  in 
Fig.  5  appears  to  demonstrate  a  synergism  between 
the  features  appearing  to  the  red  and  those 
appearing  to  the  blue  of  the  D-line. 

Equally  revealing  information  is  obtained  from 
"•••ded"  expansion  studies  at  moderate  bromine 
concentrations.  Figures  7(a)  and  7(b)  depict 
higher  resolution  scans  of  the  region  around  the  D- 
lina.  The  dual  spectra  in  Figure  7(b)  demonstrate 
that  each  of  the  satellite  features  has  associated 
with  it  a  doublet  character.  The  doublet  structure 
might  be  attributed  to  P  and  R  branches  in  a 
resonance  fluorescence  series16  resulting  from  the 
absorption  of  Na  D-line  photons.  Indeed  such  a 
doublet  structure  Induced  by  a  Cd  resonance  lamp 
was  reported  by  Brown  in  a  classic  resonance 
fluorescence  study.17  Yet  it  appears  difficult  to 
find  previous  reports  of  such  a  resonance 
fluorescence  excitation  due  to  Na  D-line  optical 
pumping.  Indeed,  the  Frank-Condon  factors  for  such 
resonance  excitations  at  the  wavelengths  of  the  Na 
D-line  are  not  conducive  to  this  process.  We  also 
note  that  the  relative  intensities  of  the  doublet 
structures  associated  with  the  satellite  features 
follow  the  relative  intensities  of  the  two  D-line 
components  (16973.4  cm'1  (2P3/2  -  2S1/2  I?  589  nm), 
16956.2  (2Pi/2  *  2Si/2  0  589.6  nm).  This  may  be 
fortuitous,10  however,  it  also  suggests  an 
alternate  explanation. 

The  satellite  features  in  the  vicinity  of  the 
Na  D-line  might  correspond  to  Raman  scattering.  If 
the  observed  features  result  from  Raman  scattering 
due  to  the  Na  D-line  and  we  assign  the  long  and 
short  wavelength  features  as  corresponding  to 
stokes  and  antistokas  scattering  components,  their 
relative  intensities  should  consistently  predict  a 
reasonable  temperature  for  the  Na2  molecules 
experiencing  the  Raman  effect.  The  relative 
intensities  of  these  stokes  and  antistokes  features 
and  thus  the  ratios  Is2/Ia2,  Is3/Ia3,  and  Is4/Ia4 
(the  s-1  and  a-1  bands  are  significantly  overlapped 
by_th*  D-line)  should  be  directly  proportional  to 
,4E/kT  where  4E  is  the  appropriate  energy  incre¬ 
ment  in  vibrational  energy.  These  ratios  are  in 
excellent  agreement  (Table  I)  and  suggest  a  sodium 
dimer  temperature  close  to  200K.  This  temperature 
is  quite  consistent  with  the  expected  heating  of 
the  cold  Na2  produced  from  our  slit  expansion 
source. 

Thus  the  evidence  obtained  in  our  overall 


analysis  of  the  data  presented  in  Figures  S  and  7 
would  suggest  that  tha  faaturas  in  tha  rag ion  of 
tha  Na  D-lina  ara  bast  attributad  to  Raaan 
scattaring  from  an  intansa  Na  atoaic  aaission 
sourca.  This  rasult,  tha  attainment  of  a  Raaan 
spectrum  on  tha  tlSM  scala  inharant  to  thasa 
experiments  suggasts  an  excited  stata  Na  atoa 
concantration  sufficiant  to  produca  affacts 
normally  associatad  with  (1)  rasonant  Raaan  or  (2) 
non-rasonant  lasar  Raaan  axpariaants.  Thasa 
excitad  stata  concantrations  portand  of  tha  unique 
chemical  physics  which  will  be  associatad  with 
tn«s«  systems. 


Our  previous  discussion  has  emphasized  tha 
surprising  optical  affacts  which  wa  hava  already 
found  to  characterize  tha  Na*  -  Br  reactive  system 
at  high  concantration.  Tha  daba  in  Figure  8  ware 
obtained  with  Tov,„  -  825  K,  T  u  -*875  K, 
Ptxn.zone  *  1 -5  *  10  1  Torr.  If,  in  a  fast  ramping 
of  the  seeded  sodium  system  after  hydrogen 
evolution,  wa  establish  operating  conditions  close 

x°in°Y*T  ’  880  Tno«l*  “  925  *’  Prxn  zone  *  1  • 5 
*  10u  T°"*  *  furth«r  *taga  in  tha  attainment  of 

k!  i  : V  XJMction  **plif ication  configuration  is 
obtained.  The  spectra  in  Figs.  8(a)  and  8(b) 
obtained  at  this  higher  temperature  correspond  also 
to  tha  introduction  of  a  moderate  bromine  flux. 

Not  only  do  wa  maintain  tha  Na  D-lina  axcitad  Raman 
signal  but  wa  also  obtain  evidence  for  the 
significant  excitation  of  tha  higher  lying  axcitad 
states  of  tha  sodium  atom.  Thasa  spectra  bear  a 
phenomenal  similarity  to  tha  sodium  fluorescence 
spectra,  induced  by  Allagrlni  at  al.*8,  and 
depicted  in  Figure  9.  However.  Allagrini  at  al.18 
produced  their  spectrum  with  a  cv  dye  laser  tuned 
to  the  3*  S,/2  -  3p2P3/2  D-line  transition.  Their 
spectrum  (a)  is  obtained  at  a  temperature  of  653  X 

iu9*  2*  «"<*  *  l»««r  pump  energy  of 

1  /cm  whereas  the  amplified  blue  green  Na?  B-X 
emission  (b)  is  obtained  at  a  temperature  of  673  K 
(0.344  M/Hg)  and  a  laser  pump  power  of  2W/cm2! 

The  atomic  emissions  from  higher  lying  Na  atomic 
st*t,s  in  studies  are  believed  to  rasult  from 
energy  pooling  processes  Involving  the  Na  D-lina 


Na(3p2P)  +  Na( 3p2P)  -  Na(3a2S)  +  Na(4d2D) 

33*e  similarity  of  the  spectra  which  wa 
generate  from  a  purely  chemical  process  (with  the 
exception  of  tha  Raman  scattering)  and  the 
fluorescent  data  generated  by  Allegrini  et  al.  with 
th«ir  •lgnificant  l**«r  puap  powers  is  quits 
astounding  and  consistent  with  our  suggestion  of  a 
Raman  signal  generated  from  the  production  of  high 
Ns  3p*P  sscitsd  atomic  concentrations  and  ths 
subsequent  light  scattering  of  an  intense  D-line 
photon  flux  by  sodium  dimers.  These  correlations 
further  suggest  that  we  are  well  on  the  way  to 
generating  the  necessary  concentrations  to  produce 
substantial  amission  from  Na?  -  X  reactive 
encounters.  It  now  remains  for  us  to  continually 
improve  the  expansion  conditions  so  as  to  increase 
the  sodium  trimer  concentration.  This  will  be 
accomplished  both  in  a  pure  Na  vapor  expansion  and 
with  the  mixed  sodium-argon  or  sodium-helium 
expansion  described  above. 

Extension  of  the  Re3  -  X(Cl,Br,I)  A^lifi.r  Concept 
Although  the  experimental  configuration  which 


we  have  used  to  demonstrate  amplification  from  the 

rh3’fr  fV  is  not  optimal  for  producing  a 

chemical  laser  oscillator,  it  can  readily  be  used 

P°”i»ility  of  forming  chemical  laser 
fr°“  th*  rMction*  of  lithium  trimer 
*t0“  “d  t0  the  extension  of 

a  oxidation  process  to  fluorine  atoms.  The  later 
experiments,  specifically  studies  of  the  Na?-F 
reactive  encounters  ara  now  underway.  We  have  also 
constructed  a  molybdenum  based  double  oven  lithium 
supersonic  expansion  source  which  can  be  used  to 
till  vi*b“ity  of  lithium  trimer-halog.n  atom 
reactions  as  a  means  of  producing  lithium  dimer 
chemical  laser  amplifiers. 

in  whioh  we  have  characterized 

in  the  visible  region  operate  on  bound-bound 
transitions.  It  is  not  difficult  to  envision  an 
extrapolation  on  the  Na3-X  reaction  concept  which 

JriL»\nd%hM?ily  i0nizable  Alkaline  earth  metal 
rimers  and  the  formation  of  excited  state  dimers 

uK®' ™  8°  b°Und*fr,«  transitions. 

With  this  focus,  we  are  attempting  to  generate  the 
«2  weimer  analogs  of  the  Na2  laser  amplifiers 
discussed  previously.  The  ground  electronic  state 
°*"8?  v,fy  w**kly  bound.  19  However,  detailed 

^  on  rhi°"YUB*;*n  h00*1  «r.ngth  may 

ord«  of  °-8  quit,  comparable  to  ' 

that  of  Na3.  We  are  now  forming  magnesium 

^*«J?r:/P!CifiC*lly  M“2  “d  M«3.  observing 
^*d  *  “*  products  of  their  oxidation  with 
1  t  ^  A  h*108*"  ■to*  discharge  source 
which  we  have  developed  to  study  the  Bi?  +  F 
reaction  •  is  being  used  to  investigate  the  Mg2- 
»  Ng3-F,  Mg2-Cl,  and  Mg3-Cl  reactions.  To  date, 
w.  have  not  observed  strong  Ng2  emission  from  the 
"«3  F.  Cl  reactions,  however,  surprisingly, 
preliminary  results  on  this  system  signal  the 
formation  of  excited  state  HgxF  (Figure  10)  and 
MgxCl  charge  transfer  complexes  where  x  is  most 
likeljr  two.  Although  we  have  not  yet  demonstrated 
the  potentiai  for  forming  an  Mg2  based  excimer 
amplifier  laser  system,  th.  creation  of  a  long- 
lived  NgxF  complex  suggasts  that,  with  some 
modification,  this  may  be  feasible.  Further  it 
should  also  be  possible  to  extend  these  studies  to 
the  reactions  of  the  heavier  alkaline  earths  Ca  - 
Ba*.  A  similar  situation  must  also  prevad.  if  we 
consider  the  reaction  of  readily  ionized  manganese 
trimer  molecules  with  fluorine  or  chlorine  atoms. 

Again  the  manganese  dimer  molecule  is  very  weaklv 
bound  in  its  ground  electronic  state.  The 
dissociation  energy  (D.)  of  dimanganese  has  been 

n’no  °{  “•tho<U  to  h*  between 

0.02  and  0.15  eV.22  th.  forc,  con#tant  calcul,ted 

for  the  manganese  trimer  bond,  0.38  m-dyne/A24  is 
four  times  larger  than  that  of  diatomic  manganese 
suggesting  that  Mn3  is  also  much  more  tightly  bound 
than  Mn2,  but  more  weakly  bound  than  Na3.  These 
characteristics,  in  conjunction  with  a  respectable 
MnF  bong  energy  (4.35  eV. 25)  suggest  that  th.  Mn3  * 

F  -•  Wn2  4  MnF  reactive  encounter  may  represent  a 
feasible  source  of  excimer  amission. 

Finally,  we  should  note  the  correlation  which 
these  suggested  extrapolations  have  with  the 
complementary  study  of  the  Group  IIA  metal-halogen 
molecule  reactions  as  they  lead  to  the  formation  of 
the  Group  IIA  dlhalide.  As  a  complement  to  the 
study  of  the  alkaline  earth  molecule  reactions 
which  we  outline,  we  have  used  a  combination  of 
single  and  wltlple  collision  chemiluminescent 


studies  and  laser  induced  fluorescence  spectro¬ 
scopy26  to  (1)  demonstrate  the  highly  efficient 
collisional  stabilisation  of  electronically 
excited  Group  IIA  dihalide  collision  complexes 
formed  in  direct  M  +  X2  *  MX2  reactive  encounters, 
(2)  delineate  the  first  direct  evidence  for 
symmetry  constraints  associated  with  dihalide 
formation  in  the  M  +  X2  insertion  process,  (3) 
obtain  the  first  discrete  emission  spectra  for 
these  dihalide  complexes,  and  (4)  demonstrate  that 
the  dihalide  formation  via  the  collisionally 
stabilized  M  +  X2  reactive  association  may  well 
involve  a  dominant  branching  into  electronically 
excited  states  of  the  dihalide  complex  suggesting 
the  possibility  of  an  electronic  population 
inversion. 

) 

The  demonstrated  collisional  stabilization  is 
not  readily  explained  within  the  RRKM  framework 
suggesting  that  new  models  will  be  necessary  to 
explain  the  efficient  interaction  of  electronically 
excited  states  as  well  as  highly  vibrationally 
excited  ground  states.  The  data  from  this  study 
now  begins  to  provide  important  information  on  the 
efficient  stabilization  of  excited  state  inter¬ 
mediate  complexes,  defining  a  much  broader  range  of 
interaction  than  has  typically  been  associated  with 
collisional  stabilization  phenomena.  The  demon¬ 
strated  interaction  range  of  these  dihalides  and 
the  enhanced  interaction  of  high  tesiperature 
molecules  in  general  has  direct  implication  for 
the  understanding  of  molecular  formation  and  energy 
transfer  in  the  high  stress  environments  which 
include  not  only  those  created  in  a  chemical  laser 
system  or  combustor  but  also  in  a  high  impulse 
propulsion  system. 


Acknowledgement 

It  is  a  pleasure  to  acknowledge  most  helpful 
discussions  with  Drs.  R.  Jones,  Bill  Watt,  T.  Cool, 
Stan  Patterson,  Rolf  Gross,  Sherwin  Amimoto,  John 
Dering,  Glen  Perram,  and  E.  Dorko  concerning  this 
study.  The  support  of  the  Georgia  Tech  Foundation 
through  a  grant  from  Mrs.  Betty  Peterman  Gole,  the 
Army  Research  Office  through  the  Short  Term 
Innovative  Research  Program,  the  Air  Force  Office 
of  Scientific  Research  and  Army  Research  Office  and 
AFOSR/SDIO  is  greatly  appreciated. 


References 

1.  R.  D.  Levine  and  R.  B.  Bernstein,  Molecular 
Reaction  Dynamics  and  Chemical  Reactivity, 
Oxford  University  Press,  New  York,  1987. 

2.  E.  J.  Mansky  and  J.  L.  Gole,  work  in  progress. 

3.  Short  Wavelength  Chemical  Laser  Workshop, 
Charleston,  S.C.,  Nov.  14-15,  1984. 

4.  W.  H.  Crumley,  J.  L.  Gole,  and  D.  A.  Dixon, 

J.  Cham.  Phys.  76,  6439  (1982).  S.  H.  Cobb, 

J.  R.  Woodward,  and  J.  L.  Gole,  Cham.  Phys. 
Lett.  143,  205  (1988).  S.  H.  Cobb,  J.  R. 
Woodward,  and  J.  L.  Gole,  Cham.  Phys.  Lett. 

157 ,  197  (1989).  S.  H.  Cobb,  J.  R.  Woodward, 
and  J.  L.  Gole,  Proceedings  of  the  Fourth 
International  Laser  Science  Conference,  A.I.P. 
Conf.  Proc.  No.  191,  Optical  Science  and 
Engineering  Series  10,  pg.  68. 

5.  J.  L.  Gole,  K.  K.  Shen,  H.  Wang,  and  D. 

Grant ier,  "Chemically  Driven  Pulsed  and 


Continuous  Visible  User  Amplifiers  and 
Oscillators",  Proceedings  of  the  23rd  AIAA 
Plasma-Dynamics  and  User  Science  Conference, 
Nashville,  Tennessee,  AIAA  92-2994  (1992). 

6.  B.  Wellegehausen,  in  "Metal  Bonding  and 
Interaction  in  High  Temperature  Systems  with 
Emphasis  on  Alkali  Metals",  A.  C.  S.  Symposium 
Series  179,  edited  by  J.  L.  Gole  and  W.  C. 
Stwalley  (Am.  Chem.  Soc.,  Washington,  D.  C.) 
p.  462,  B.  Wellegehausen,  J.  of  Quantum 
Electronics  15,  1108  (1979). 

7.  See  for  example,  R.  S.  Berry  and  C.  W.  Reimann, 
J.  Chem.  Phys.  38,  1540  (1963),  R.  S.  Berrv, 

J.  Chem.  Phys.  27,  1288  (1957),  W.  S.  Struve. 

J.  R.  Krenos,  D.  L.  McFadden,  and  D.  R. 
Herschbach,  J.  Cham.  Phys.  62,  404  (1975). 

R.  C.  Oldenborg,  J.  L.  Gole  and  R.  N.  Zare, 

J.  Chem.  Phys.  60,  4032  (1974).  Given  Na2 
and  Naj  ionization  potentials  of  4.87  and*” 

3.97  eV  (A.  Hermann,  E.  Schumacher,  and  L. 
Woste,  J.  Chem.  Phys.  68,  2327  (1978)  and  an 
electron  affinity  of  3.363  eV  for  atomic 
bromine,  we  determine  a  very  substantial 
electron  jump  cross  section  a  »  11  (14.38/ 
(4.87-3.36))  -  285  A2  (2.85  x  10*1*  cm2) 
for  the  Na2  -  Br  reaction. 

8.  J.  L.  Gole,  G.  J.  Green,  S.  A.  Pace  and 

D.  R.  Preuss,  J.  Chem.  Phys.  76,  2247  (1982), 
and  references  therein. 

9.  For  example,  M.  M.  Kappas,  R.  W.  Kunz,  and 

E.  Schumacher,  Chem.  Phys.  Lett.  91,  413 

(1982).  ~ 

.10.  We  wish  to  facilitate  the  formation  of  Na2 
in  the  B,  C,  and  C'  excited  states  in  an 
electronically  inverted  configuration.  To 
do  this,  Na-j  molecules  must  be  present  and 
react  with  halogen  atoms.  Here,  it  is 
important  to  note  that  the  oscillator 
strengths  for  any  of  the  larger  sodium  polymers 
(Na,,,  n>3)  are  sufficiently  small  verses  Na2 
so  that  they  do  not  interfere  with  the  sodium 
dimer  pump  amplification  cycle. 

11.  "Self -Flushing  Optical  Window  to  Prevent 
Collection  of  Condensates",  W.  H.  Crumley, 
and  J.  L.  Gole,  Rev.  Sci.  Instruments  57, 

1692  (1986).  — 

12.  K.  K.  Shen,  H.  Wang,  D.  Grantier,  and  J.  L. 

Gole,  "Visible  Chemical  Users  from  Alkali 
Based  Electronic  Inversions",  Proceedings  of 
SPIE  OE  LASE  '93  Conference,  January  16-23, 

1993,  Los  Angeles,  CA,  in  press. 

13.  J.  T.  Bahns  and  W.  C.  Stwalley,  Applied 
Physics  Utters  44,  826  (1984). 

14.  G.  Pichler,  J.  T.  Bahns,  K.  M.  Sando,  W.  C. 
Stwalley,  D.  D.  Konowalow,  L.  Li,  R.  W. 

Field,  and  W.  Muller,  Chem.  Phys.  Utters 
129.  425  (1986). 

15.  A.  Kopystynska  and  L.  Moi,  Physics 
Reports  92,  135  (1982). 

16.  With  a  P-R  branch  separation  given  by  4Bvn 
(J+l/2)  ■  R(J-l)  -  P(J+1)  and  Na2  ground  state 
constants  B,  »  0.154707,  am  »  0.000874  cm*1 

we  find  Bv”aO  *  0.15427  and  for  a  frequency 
separation  of  order  15-20  cm*1  and  4Bv",.o 
"  0.61708  cm*1  the  implied  ground  state  J 
value  lies  between  24  and  32.  For  v” 
increasing,  these  J  values  increase.  From 
the  relationship  JMW  ■  0.59  [K^/By],1'2 
Na2  ,  v"»0  at  room  tesiperature  (300K)  has 
•  Jmax  of  26-  At  200°K,  J^,  -  21.  Thus  it 
is  not  possible  at  this  time  to  unequivocally 
rule  out  the  possible  assignment  of  the  doublet 


structure  to  the  poking  of  P  and  R  branches 
in  *  Eu  -  J  traniition.  St*  G.  H«rzb«rg, 

Spectra  of  Diatomic  Molecules.  Van  Nostrand 
and  Company,  1966. 

17.  U.  C.  Brown,  Z.  Physik  82.  768  (1933). 

18.  N.  Allagrini,  G.  Alzatta,  A.  Kopystynska, 

L.  Moi,  and  G.  Orriolis,  Opt.  Commun.  22 
329  (1977).  ~ 

19.  R.  Balfour  and  A.  E.  Douglas,  Can.  Jour.  Phys. 
ill.  901  (1970);  K.  Li  and  W.  C.  Stwallay,  J. 
Cham.  Phys.  59,  4423  (1973). 

20.  P.  Rausa,  S.  N.  Khanna,  V.  da  Coulon,  and  J. 
Buttet,  Phys.  Rev.  B  41,  11743  (1990). 

21.  T.  C.  Davora,  R.  Kahlscheuer,  L.  Brock,  and 
J.  L.  Go la ,  On  the  BiP  Bond  Dissociation 
Energy  and  Evaluation  of  tha  BiP  Rad 
Emission  Band  Systems",  Chemical  Physics 
155.  423  (1991). 

22.  T.  C.  Davora  and  J.  1.  Cola,  "Fluorine  Hot 
Atom  Oxidation  of  Bismuth  Vapor:  A  Consent 
on  tha  Evaluation  of  tha  BiP  Bond  Energy", 
submitted  to  Chemical  Physics,  in  press. 

23.  A.  T.  L.  Haslett,  M.  Moskovits,  and  A.  L. 

Weitzmann,  J.  Molec.  Spactrosc.  135,  259 
(1989).  - 

24.  K.  D.  Bier.  T.  L.  Haslatt.  A.  D.  Kirkwood,  and 
M.  Moskovits,  J.  Cham.  Phys.  89,  6  (1989). 

25.  M.  Kant,  T.  Ehlart,  and  J.  L.  Margrave,  JACS 
86.  5090  (1964). 

26.  H.  Wang,  J.  Towson,  and  J.  L.  Gola,  "The 
Chemistry  of  Group  IIA  Dihalide  Formation 

from  Alkaline  Earth  Atom-Halogen  Interactions", 
in  preparation. 


Table  1 


1  ill  T  (K) 

_ r*i  _ 

1  2~1  _  390 

2  4.1  205 

3  4.6  188 

1 _ iii _ 195 


Table  1:  Ratio  of  relative  intensities  of  stokes  { rsi )  vs.  antistokes 

<Iai)  features  shown  with  corresponding  calculated  vibrational 
temperatures  corresponding  to  those  features  seen  in  figures  5 
and  7.  is1  denotes  the  ich  stokes  feature  from  the  Na  D  line. 
Ia!  denotes  the  antistokes  feature.  The  ratio,  Isi/Iai  may 
not  accurately  represent  the  actual  vibrational  temperature  of 
the  Raman  (dimer)  scatterer  due  to  partial  overlap  of  the 
feature  with  the  Na  D  line.  See  text  for  discussion. 
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rigure  1:  Chemiluminescent  emission  resulting  from  the  reaction  Na3  * 

Br  -*  Na;  +  NaBr.  The  spectra  display  sharp  fluorescence 
features  in  the  visible  at  -527,  -492,  -460.5  nm  superimposed 
on  a  broader  Naj  background  emission. 
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Figure  3 (a)  : 

Figure  3  <b) : 

Figure  3 (c) : 
Figure  3 (d) : 
Figure  3 (e) : 


Stainleea  steel  nozzle  of  0.003*  width  constructed  using 
tnEDM  t«chniqu«  and  tastad  in  preliminary  stages  of  the 
experiment . 

Molybdenum  slit  nozzle  following  an  identical  design  to 
the  slit  depicted  in  Fig.  3(a).  This  slit  proved 
considerably  more  resistive  to  alkali  erosion. 

Rear  plate  of  a  dual-plate  nozzle  configuration 
(stainless  steel) . 

Front  plate  of  a  dual-plate  nozzle  configuration 
(stainless  steel) . 

f*flctionjoi  th«  nozzle  assembly  from  the  front 
and  back  plates  depicted  in  Figures  3 (c)  and  3 (d) .  The 
two  plates  sandwich  two  parallel  sheets  of  0.005* 
tantalum  which  comprise  a  0.003"  expansion  slit.  See  text 
for  discussion. 
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figure  7:  High  resolution  scan*  of  Na*  induced  Raman  apace ra  showing 

transitions  associated  with  tha  labeled  lower  state  levels 
(a)  0.1  na  resolution  scan,  (b)  0.05  nm  resolution  scan. 
Note  the  correlation  of  the  relative  intensities  of  the 
peaks  corresponding  to  the  doublets  of  each  side  band  with 
the  relative  intensities  of  the  Na(3P3/2»  -*  Na(33i/2>  and 
the  Na(3Pi/2)  -*  Na(33t/2)  emission  features  (indicated  by 
arrows) . 
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ABSTRACT 

Efficient  near-resonant  intermolecular  energy 
transfer  from  selectively  formed  metastabla  states 
of  SiO  and  GeO  (a-3!  ,b3I)  has  been  used  to  form 
continuous  sodium  and  potassium  atom  based  laser 
amplifiers  at  569  nm  (Na),  616  nm  (Na),  819  nm 
(Na),  and  581  nm  (K).  Adopting  a  variety  of  pump¬ 
ing  sequences  in  which  substantial  concentrations 
of  the  energy  storing  metastables  are  brought  into 
intimate  contact  with  the  appropriate  atomic 
receptor,  either  as  a  premixed  metalloid  (Si.Ge)- 
receptor  atom  (Na.K)  combination  is  oxidized 
or  through  intersection  of  the  metastable  pump- 
receptor  atom  flows,  we  have  energy  transfer  pumped 
^  2^1/2  Na  atoms  (SiO)  to  their  excited  4d2D  and 
5s  S  states  and  K  atoms  (GeO)  to  their  5d2D 

state.  We  observe  a  system  temporal  behavior, 
signaling  the  creation  of  a  population  inversion, 
and  corresponding  to  a  gain  condition  on  the 
Na  4d  D  -  3p2P  (a  (gain  coeff.)  >  0.1/cm) 
transition  at  569  nm,  the  Na  5s2S  -  3p2P  (a  > 
0.03/cm)  transition  at  616  nm,  and  the  K  5d2D  - 
4P  p  (a  >  0.08/cm)  transition  at  581  nm.  The  gain 
condition,  established  for  the  sodium  system  using 
three  independent  (Roll-Mentel  ratio  method,  sodium 
lamp  line-selected  gain  measurement,  high  resolu¬ 
tion  ring  dye  laser  gain  measurement)  monitoring 
techniques,  forms  the  basis  for  full  cavity 
oscillation  on  the  Na  4d2D  -  3p2P  and  5s2S  -3p2P 
transitions  at  569  and  616  nm.  At  569  nm,  with 
0.2Z  output  coupling  from  a  full  cavity  configura¬ 
tion  surrounding  a  5  cm  reaction  -  energy  transfer 
-  amplification  zone  formed  by  the  90°  inter¬ 
section  of  entrained  metastable  SiO  and  Na  atom 
flows,  we  have  achieved  an  optimum  continuous 
light  output  exceeding  103  times  that  observed  with 
a  blocked  (single  pass)  high  reflector.  This 
observation  of  the  manifestation  of  oscillation  is 
consistent  with  recent  modeling  studies.  Improve¬ 
ments  in  reactant  mixing  and  active  medium  concen¬ 
tration  through  implementation  of  a  concentric  flow 
configuration,  the  optimization  of  output  coupling, 
and  the  operation  of  the  full  cavity  optical  train 
in  windowless  configuration,  all  of  which  promise  a 
considerable  improvement  in  cavity  output,  are 
sumaarized.  Within  a  generic  framework,  the  first 
order  approach  to  the  creation  of  amplifiers  and 
oscillators  in  the  alkali  based  systems  might  also 
be  extrapolated  to  exploit  the  efficient  near 
resonant  energy  transfer  pumping  of  potential 
amplifying  transitions  in  lead  (Pb),  copper  (Cu- 
analog  of  Cu  vapor  laser),  and  tin  (Sn)  receptor 
atoms. 


Approach  to  Energy  Transfer  Piling 

The  approach  which  we  outline  to  develop  the 
first  visible  chemical  laser  amplifiers  and  oscil¬ 
lators  has  relied  on  a  two  step  procedure  where¬ 
in  chemical  energy  is  produced  and  stored  in  a 

'Copyright  c  1993  by  James  L.  Cole.  Published 
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first  step  and  then  transferred  in  a  collision 
Induced  process  to  an  appropriate  lasing  medium  in 
a  second  step.  Following  this  scheme,  we  can 
attempt  to  produce  inversions  using  (1)  "ultrafast” 
intramolecular  energy  transfer  among  the  excited 
electronic  states  of  small  diatomic  molecules6*9  or 
(2)  intermolecular  transfer  from  electronically 
excited  metastable  storage  states  to  readily  lasing 
atomic  receptors.  The  nature  of  the  amplifying 
medium  dictates  the  required  temporal  separation  of 
the  two  steps  of  interest. 

In  developing  visible  chemical  lasers  from 
energy  transfer  related  processes,  it  is  important 
to  note  that  electronically  and  highly  vibration- 
ally  excited  molecules,  with  their  inherently  dif¬ 
fuse  electron  density  and  large  amplitude  vibra¬ 
tional  motions  simply  interact  more  efficiently 
than  do  ground  state  molecules  in  their  lowest 
vibrational-rotational  levels.  We  have  determined 
that  several  diatomic  metal  monoxides  display 
collision  induced  electronic-to-elactronic 
(E-E)  "  and  vibrational-to-electronic 
(V-E)  intramolecular  energy  transfers  which 
proceed  at  rates  comparable  to  or  far  in  excess  of 
gas  kinetic.  Transfers  from  metastable  to  shorter 
lived  excited  states  may  proceed  at  rates  which 
approach  500  times  gas  kinetic  (cross  sections  well 
in  excess  of  4000  AA).  It  appears  that  even  the 
low-lying  electronic  states  of  several  simple  high 
temperature  molecules  (the  products  of  metal 
oxidation)  interact  with  a  collision  partner  which 
induces  energy  transfer  with  a  much  larger  impact 
parameter  than  previously  anticipated.  In  a  sense 
we  are  dealing  with  "pseudo-macromolecules"  which 
display  many  of  the  characteristics  inherent  to 
Rydberg  states12  with  their  large  transfer  and 
relaxation  cross  sections.  In  several  cases  the 
rates  for  the  observed  transfers  may  be  comparable 
to  the  radiative  lifetimes  associated  with  the 
usually  shorter  lived  and  potentially  useful  upper 
levels  in  which  the  intraatolecular  transfer 
terminates.  Rates  of  this  magnitude,  properly 
employed,  can  be  competitive  with  optical  pumping! 

At  soma  point,  there  is  little  distinction 
between  fast  intramolecular  energy  transfer 
processes,  correlating  with  electronic  state 
couplings  and  the  periods  of  molecular  vibrations 
( rotations) ,  and  intermolecular  energy  transfer, 
governed  by  the  duration  of  collisions  with 
electronically  excited  states.14  It  is  therefore 
reasonable  to  expect  certain  near  resonant 
intermolecular  energy  transfers  to  proceed  with 
extremely  high  cross  sections.  We  consider  that  an 
electronically  excited  molecule,  with  its  diffuse 
electron  density,  has  a  much  larger  interaction 
range  as  it  influences  reaction  and  collision 
partners.  The  increased  interaction  rates  which 
several  experiments  now  suggest  are  certainly 
encouraging  for  the  development  of  visible  chemical 
lasers  from  energy  transfer  processes. 
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Relatively  simple  metal  or  metalloid  oxidation 
reactions,  which  involve  a  branching  to  long-lived 
metastable  states  in  a  high  quantum  yield  process, 
while  rare,  show  the  promise  of  creating  an  energy 
storage  medium  to  pump  atomic  transitions  with  an 
established  high  propensity  for  lasing  action.1  To 
accomodate  this  desired  pump  sequence,  we  have 
developed  techniques  to  form  copious  quantities  of 
the  metastable  SiO  and  GeO  a3!"*-  and  b3TI  states  as 
the  products  of  the  primarily  spin  conserving  Si- 
N^O,  Si-N02,  Ge-N20,  and  Ge-Oj  reactions. 

These  long-lived  triplet  states  act  as  an  energy 
reservoir  for  fast  near  resonant  intermolecular 
energy  transfer  to  efficiently  pump  atomic  transi¬ 
tions  including  select  transitions  in  sodium.2'5 
potassium,2'5  thallium,1*2  gallium,1*2  lead,5*4 
copper,  *  and  tin.5*4  Here,  we  focus  primarily  on 
the  electronic-to-electronic  (E-E)  energy  transfer 
pumping  of  sodium  atom  based  amplifiers  corres¬ 
ponding  to  the  Na  4d2D  -  3p2P,  5s2S  -  3p2P,  and 
3d-D  -  3p2P  transitions  at  v  569,  %  616,  and  v 
819  nm  and  the  concomitant  full  cavity  oscillation 
on  the  4d2D  -  3p2P  transition  at  X  *  569  nm.  We 
also  consider  the  implications  of  the  results 
obtained  with  sodium  as  they  apply  to  the  future 
development  of  potassium,  lead,  copper,  and  tin 
atom  based  systems. 

In  order  to  pump  the  3d2D,  4d2D,  and  5s2S 
levels  of  atomic  sodium,2'4  we  make  use  of  the 
efficient  intermolecular  energy  transfer  process 

SiO(a3E+,b3H)  +  X  -»  SiO(X1E+)  X*  (1) 

where  X*  represents  the  electronically  excited 
atomic  species  from  which  we  wish  to  obtain  lasing 
action  and  the  SiO  ajE+  and  b3T  states  are  formed 
under  multiple  collision  conditions  in  a  focused 
argon  or  helium  entrainment  flow  such  that  the 
nascent  product  distribution  of  the  Si-N2015  or 
Si-N0216  reactions  is  rotationally  thermalized  and 
vibrationally  relaxed  (Ref.  1,  Figure  4)  to  the 
lowest  levels  of  the  triplet  state  manifold.  The 
success  of  this  outlined  scheme  depends  on  the 
rates  for  the  reactions  forming  the  SiO  or  GeO 
metastables17*18  and  the  rate  of  the  HO*  (M-Si,Ge) 

-  X  intermolecular  energy  transfer,  which,  we 
anticipate,  will  be  influenced  by  the  nature  of 
near  resonances  between  the  MO*  and  X*  energy 
levels. 

The  outlined  energy  transfer  process  is  found 
experimentally  to  be  quite  efficient  for  sodium  (as 
well  as  potassium)  atoms.  To  an  even  greater 
degree  than  that  inherent  to  the  previously  studied 
chemically  pumped  T1  based1*2  amplifier-oscillator 
system  (Tables  I  and  II  of  Ref.  1)  at  X  *  535  nm. 
there  exist  near  resonant  matchups  (aE  *  100  cm**) 
to  receptor  atom  levels  of  interest  in  atomic 
sodium  (and  potassium)  for  both  SiO  and  GeO  metas¬ 
tables.  We  are  concerned  with  the  energy  transfer 
pumping  of  levels  which  are  not  accessed  through 
strong  electric  dipole  transitions  from  the 
ground  state  of  the  alkali  atom.  Applying  these 
criteria,  we  summarize  the  nature  of  relevant  near 
resonances  for  the  lowest  vibrational  levels  of  the 
a  £  and  b3n  states  of  SiO  and  GeO  and  the  Na  and  K 
atomic  transitions  in  Tables  I  and  II.  For  the  SiO 

-  Na  system.  Table  I  suggests  that  the  sodium  4d2D 
level  might  be  most  easily  pumped  followed  closely 
by  the  5s  S  level.  The  3d^D  and  6s^S  levels  appear 
somewhat  less  promising,  with  the  potential  reson¬ 


ances  involving  the  3d2D  level  and  the  lower  b3T 
vibrational  levels  being  more  favorable.  A  simi¬ 
lar  analysis  for  the  potassium  (Tables  I  and  II) 
and  lead  (Tables  III  and  IV)  atom  transitions 
suggests  that,  at  least  to  first  order,  both 
systems  are  comparable  if  not  more  favorable  than 
sodium.  In  fact,  Table  V  suggests  the  possibility 
for  an  efficient  energy  transfer  pumping  of  the 
upper  4p2P  levels  of  the  copper  vapor  laser  and 
Table  VI  enumerates  a  select  group  of  tin  atom 
receptors.  All  of  these  systems  show  promise  for 
the  development  of  energy  transfer  based  amplifiers 
and  while  the  primary  focus  of  our  discussion  will 
be  the  SiO-Na  system,  the  devices  which  we  are 
developing  to  create,  enhance,  and  characterize 
this  amplifying  medium  are  designed  for  ready 
conversion  to  similar  studies  of  potassium,  lead, 
copper,  and  tin  energy  transfer  pumping. 

Evidence  for  Efficient  Energy  Transfer  Pumping 

Collisions  with  SiO  or  GeO  metastables  have 
been  used  to  energy  transfer  pump  from  the  3s2S  Na 
ground  state  to  the  Na  3d2D,  4d2C  and  5s2S  levels 
forming  the  basis  for  amplification  on  transitions 
from  these  levels  to  the  3p2P  terminal  laser  level 
(Fig.  1(a)),  the  short-lived  upper  level  of  the  Na 
D-line.  Because  the  3p2P  -  3s2S  transition  is 
characterized  by  a  high  oscillator  strength,  it 
facilitates  rapid  loss2'5  of  the  terminal  laser 
level,  expecially  in  a  D-line  quenching  environ¬ 
ment,  creating  ground  state  Na  atoms  which  are 
again  amenable  to  near  resonant  energy  transfer 
pumping. 

The  3d2D,  4d2D,  and  5s2S  levels  are  not 
readily  accessed  via  optical  pumping20  from  the 
ground  3s  S  state  of  the  sodium  atom,  however,  as 
Figs.  1(b)  and  1(c)  demonstrate,  using  SiO  metas¬ 
tables  formed  in  the  Si-N20  reaction,  we  have 
successfully  energy  transfer  pumped  Na  atoms  to  the 
2S  and  2D  levels  where,  for  the  3d2D,  5s2S,  and 
4d  D  levels,  they  subsequently  emit  radiation  at 
•  819,  616,  and  569  na*-1  as  they  undergo 
transition  to  the  3p2P  levels.  The  observed  Na 
atom  transitions,  originating  at  the  4d2D  and  5s2S 
levels,  are  characterized  by  moderate  oscillator 
strengths.  The  accessed  Na  cycle,  with  its  50 
(4d2D  -  3p2P)22  to  -v  100  (5s2S  -  3p2P)23  nanosecond 
upper  state  radiative  lifetimes  (vs.  T1  2S1/2  at 
7nsec.1-24)  and  short-lived  terminal  laser  level, 
would  appear  ideally  suited  to  obtain  high  duty 
cycle  laser  amplifiers  and  oscillators.  In  fact, 
we  find  that  these  transitions  demonstrate 
continuous  gain.  In  following  sections,  we  outline 
a  range  of  measurements  on  the  Si-SiO-Na  system 
which  can  be  readily  extrapolated  to  the  potassium, 
lead,  copper,  and  tin  systems  and  which  have  been 
used  to  demonstrate  continuous  gain  on  the  4d2D  - 
4p2P,  5s  S  -  3p2P,  and  3d2D  -  3p2P  transitions  at 
1  *  569,  X  *  616,  and  X  *  819  nm  respectively,  and 
obtain  evidence  for  continuous  oscillation  at  X  = 

569  nm. 

As  figures  2,  3,  and  4  suggest  the  efficient 
energy  transfer  pumping  manifest  in  the  SiO-sodium 
system  is  also  clearly  apparent  for  potassium  (Fig. 
2),  lead  (Fig.  3),  and  copper  (Fig.  4)  receptors. 

As  in  the  sodium  based  spectrum  of  Fig.  I,2'4  the  K 
D-line  transitions  (K  4p2P  -  4s2S)  at  X  "v  767-770  nm 
dominates  emission  from  the  6s2S,  7s2S,  4d2D,  5d2D, 
and  6d2D  levels,  all  of  which  feed  the  short-lived 


4P  p  upper  level  of  the  K  D-line.  Preliminary 
experiments  using  an  SiO  pump  suggest  gain  on  the 
®*2  ‘  4P2P.  7s2S  -  4p2P,  5d2D  .  4p2p(  and  6d2D  . 

4P  F  transitions  with  an  estimated  gain 
coefficient  a  '-0.08  for  the  5d2D  -  4p2P  amplifier 
at  X  y  581  nm.  While  we  have  emphasized  the  use  of 
an  SiO  pump  for  the  sodium  system,  Table  II 
demonstrates  that  several  potential  potassium  based 
amplifiers  might  best  be  created  using  GeO 
metastables. J*5 


Figure  3  demonstrates  the  results  we  have 
obtained  when  using  SiO  metastables  (Si-N20)  to 
pump  lead  receptor  atoms.  Observed  Pb  transitions 
are  indicated  to  the  right  of  the  figure.  We 
notice  that  self-absorption  involving  ground  state 
X  P0  lead  atoms  is  so  dominant  that  no  emission  to 
the  ground  state  is  observed.  This  self  absorption 
is  even  more  pronounced  than  that  observed  for  the 
T1  system.  We  find  significant  pumping  of  both  the 
S0  and  D2  levels,  as  Table  III  suggests  and  Table 
IV  indicates,  might  be  considerably  improved  with  a 
GeO  metastable  pump.  The  transitions  from  the  ^ 
level  terminate  in  the  lowest  X  3P2  (531.2  nm)  and 
X  Px  (462  nm)  levels.  If  collisional  quenching 
and  relaxation  of  the  *Sq  level  are  minimal  rela¬ 
tive  to  that  of  the  X  3P  manifold  (3P2,  3P.)  it  may 
be  possible  to  create  population  inversions  on  the 
S0  “  ^2  s0  ”  transitions  and  produce 

amplification  at  531.2  and  462  nm.  The  well  known 
lead  laser  transition  at  \  -  723  nm2S  correspond¬ 
ing  to  a  JPXU  -  1d2  transition  (Fig.  3)  has  an  A 
value  close  to  10°  sec*1  yet  we  find  no  evidence 
for  this  transition.  We  do,  however,  find  evid¬ 
ence  for  both  the  3P1°  -  X  3P,  and  3P,°  -  X  3P-, 
transitions  and  for  the  3D2  -  3P:  transition  at  733 
nm.  These  results  suggest  that  the  3P,°  -  io, 
transition  may  be  self  absorbed  due  to  a 
significant  JD2  population  which  also  facilitates 
the  observation  of  the  733  nm  transition.  It  will 
be  important  to  assess  whether  the  manifestation  of 
a  significant  1D2  population  results  from  direct 
energy  transfer  pumping  or  whether  the  ^  state  is 
populated  by  the  723  nm  laser  transition  on  a  time 
scale  considerably  shorter  than  that  for  the 
observation  of  energy  transfer.1  The  results 
obtained  for  the  energy  transfer  pumping  of  lead 
atoms  certainly  suggest  the  possibility  of  creating 
additional  amplifiers.  It  is  particularly  encour¬ 
aging  that  some  of  the  associated  transitions  may 
operate  within  four  level  systems  thus  obviating 
the  self -absorption  bottleneck  that  may  plague  the 
Si-SiO-Na  system  at  high  sodium  concentration. 

Figure  4  demonstrates  results  obtained  for  the 
Si-SiO-Cu  system  obtained  using  an  approach  repre¬ 
senting  a  significant  extrapolation  from  the  mix¬ 
ing  configuration  which  we  have  outlined  pre¬ 
viously  and  consider  in  following  sections.  Here 
Si  and  Cu  were  premixed  at  room  temperature  and  co- 
vaporized  from  a  single  crucible.  The  mixture  was 
then  oxidized  to  yield  the  energy  transfer  pumping 
spectrum  in  Figure  4. 

With  the  examples  given  in  Figures  1-4  (Tables 
I  *  VI),  it  should  be  apparent  that  a  variety  of 
energy  transfer  pumping  configurations  might  be 
envoked  to  produce  amplification  across  the  visible 
region. 


FOB  SiO-Na  -  NATURE  OF  THE 


the  amplification  region  created  in  the  sodium 
system  using  three  different  experimental  config¬ 
urations.  The  simplest  of  these  measurements 
employs  the  optical  train  depicted  in  Fig.  5(a) 

surrounding  a  v  5  cm  energy  transfer 
amplification  zone2  4  created  using  the  mixing 
configuration  depicted  in  Fig.  6.  The  optical 
train  parallels  the  ingeneous  design  of  Roll  and 

’/.cBX*2-4°77*aSUr#  amPlif led  spontaneous 
emission  (ASE) ,2  4-2 2  The  gain  coefficient  a.  can 
calculated  from 

a  -  In  ((I2-I1)/I1RT2)/L  (2) 

Here,  L  is  the  effective  gain  medium  length  (the 
medium  is  not  necessarily  uniform),  R  is  the  mirror 

^  is  the  tran*ml»sion  of  the 
amplification  zone  vacuum  chamber  window  in  front 
of  the  mirror  (Fig.  5(a)).  ^  is  th.  measured 

single  pass  (spectrometer)  light  intensity  from 
the  gain  medium  with  the  shutter  placed  in  front  of 
the  high  reflector.  With  the  high  reflector  open 
to  and  aligned  with  the  gain  medium,  we  measure 
light  of  intensity,  I2,  which  is  contributed  to  bv 
U)  light  passing  directly  through  the  gain  medium 
to  the  detector  (Ij)  and  (2)  light  reflected  back 
through  the  amplification  zone  from  the  high 
reflector.  We  refer  to  I2  as  the  double  pass  ASE 
intensity.  Thus,  in  Equation  (2),  we  compare  the 
intensity  difference  (^-I^  to  Ij  correcting  for 
the  reflectivity  and  transmissivity. 

A  considerable  change  in  the  relative  inten¬ 
sities  of  the  569  nm  Na  4d2D  -  3p2P  and  Na  D-line 
emissions  for  the  single  and  double  pass  ASE  out¬ 
put  is  quite  evident  in  Figure  7.  The  ratio  of 
the  double  to  single  pass  intensity  for  the  569  nm 
feature  depicted  in  the  Figure  is  2.6/1,  corres 
ponding  to  a  gain  coefficient,  a  %  0.11/cm  (Eq 
which  is  by  no  means  the  optimal  value  that  has 
been  achieved  with  the  current  configuration. 

Under  optimal  operating  conditions,  using  a  1" 
diameter  99. 9*  high  reflector,  we  have  achieved 
amplification  such  that  the  ratio  of  light  output 
when  the  rear  high  reflector  is  accessed  to  that 
when  the  rear  high  reflector  is  blocked  ranges 
from  3.4  to  3.8  (a  v  0. 16-0.23/cm).  This  is  a 
ratio  which  demonstrates  clear  gain.  It  should 
compared  with  the  measured  ratio  for  a  purely 
fluorescent  feature  (Na  D-line  and  higher  lying 
excited  state  Na  transitions)  which  is  usually 
between  1.1  and  1.2  for  the  Na  D-line,  and  corres¬ 
ponds  to  1.6  for  the  5s2S  -  5p2P  transition  whose 
emission  is  also  depicted  in  Figure  7.  The 
theoretical  maximum  value  for  the  ratio  associated 
with  pure  fluorescence  based  on  a  lossless  single 
reflection  is  2.  When  the  experimental  conditions 
are  not  favorable  for  formation  of  the  gain  medium, 
we  measure  significant  losses  for  the  reflected 
light  (a  negative  in  Eq.  (2))  employing  the  same 
methods  we  have  used  to  demonstrate  the  gain  in 
Figure  7.  The  Na  atom  transitions  at  A  =  569  nm 
(a  0.1-0.15),  1  *  616  nm  (a  v  0.03-0.05/cm),  and 
X  *  819  nm  (a  \  0.02-0.03/cm)  have  all  been  shown 
to  demonstrate  gain.  The  a  values  given  in 


2), 


be 


parentheses  are  meant  to  represent  typical  values 
determined  from  Eq.  2  using  L  *  5  cm. 

In  a  second  series  of  more  complex  gain  meas¬ 
urements  we  have  determined  gain  on  the  emission 
lines  from  a  sodium  discharge  lamp.  Using  a 
configuration  described  in  more  detail  else¬ 
where.3-4  we  have  measured  the  enhancement  of  the 
Na  4dzD  -  3pzP  emission  line  (or  other  sodium 
transitions)  which  can  be  evaluated  by  singling  out 
the  transition  of  interest  with  a  10  na  bandpass 
filter.  Under  working  experimental  conditions, 
using  the  selected  569  nn  output  from  the  lamp,  we 
have  measured  a  calibrated  gain  close  to  3.62. 
Calibrated  gains  associated  with  the  amplification 
zone  which  are  in  excess  of  52  have  been  achieved 
in  a  few  cases.  Preliminary  measurements  at  616  nm 
indicate  a  lower  gain,  on  the  order  of  1.2  -►  1.52. 
These  measured  gains  using  the  lamp  based  optical 
configuration  are  believed  to  represent  lower 
bounds  to  the  true  values  due  to  the  significant 
radial  extent  (cross  sectional  area)  of  the  lamp 
output  which  intersects  a  much  smaller  mixing  zone 
and  gain  medium.  When  the  569  nm  light  exiting  the 
gain  medium  is  focused  onto  the  entrance  slit  of 
the  monochromator,  the  measured  gain  is  diluted  by 
the  missmatch  in  cross  sectional  area  as  not  only 
the  gain  zone  but  also  regions  of  negligible  gain 
and  even  absorption  (pumping  of  3p2P  level)  are 
monitored. 

We  have  also  used  the  output  from  a  high 
resolution  ring  dye  laser  to  carry  out  laser  gain 
measurements  in  a  frequency  scanning  mode  (laser 
calibrated  with  iodine).^**  Upon  scanning  the 
ring  dye  laser  through  the  region  encompassing  the 
569  nm  feature,  we  record  a  gain  in  excess  of  1.52 
for  the  Na  4d  Dg/2  -  3P2p3/2  transition.5,28  This 
percent  laser  gain  also  represents  a  lower  bound 
determination3,  of  the  single  pass  amplification. 
This  results  because  (1)  the  bandwidth  of  the  ring 
dye  laser  (effective  linewidth  \  40  MHz)  is 
considerably  smaller  than  the  width  of  the  569  nm 
Na  4d2D  -  3p2P  stimulated  emission  gain  profile 
( x  2GHz)  and  (2)  the  precise  overlap  of  the  sharply 
defined  laser  output  beam  and  the  amplif ication 
zone  i s  tenuous . 3 » 4 

These  three  distinct  gain  measurements  clearly 
demonstrate  the  formation  of  an  energy  transfer 
pumped  sodium  atom  laser  amplifier.  The  magnitude 
of  the  gain  is  probably  best  represented  by  the 
results  obtained  with  the  Roll-Mentel  configura¬ 
tion.  However,  it  is  important  to  note  that  these 
determined  gain  values  correspond  to  a  single-pass 
through  the  amplification  zona.  The  effective 
gain  in  an  oscillating  full  cavity,  influenced  both 
by  the  increased  rate  of  loss  of  the  population 
inversion  due  to  the  stimulated  emission  process 
and  by  the  nature  of  reactant  mixing  and  energy 
transfer  in  the  amplification  zone,  will  be  notably 
smaller. 

Amplification  Zone 

The  flow  configuration  depicted  in  Fig.  6 
produces  the  longest  path  length  SiO  metastable 
flame  ( -v.  5  +  cm)  thusfar  obtained.  This  entrain¬ 
ment  flow  configuration  was  designed  to  create 
large  concentrations  of  SiO  (GeO)  metastables 
intersected  at  %  90°,  in  subsonic  flow,  by  a  high 
concentration  of  sodium  atoms.  The  choice  of 


entrainment  gas  for  the  vast  majority  of  the 
initial  experiments  has  been  helium  or  argon  for 
both  the  silicon  and  sodium  flows,  however,  these 
gases  have  been  replaced  by  N2  and  soon  will  be  at 
least  partially  converted  to  a  mixture  of  N-j  and  CO 
in  an  attempt  to  carefully  modify  the  chemistry  of 
the  amplification  zone.  The  configuration  of  Fig. 

6  has  also  been  designed  so  that  the  entrained 
silicon  and  sodium  flows  can  be  moved  in-situ 
relative  to  each  other  and  hence  with  respect  to 
the  reaction  -  energy  transfer  -  amplification  zone 
to  optimize  conditions  for  formation  of  the  gain 
medium.  In  developing  the  crossed  interaction  zone 
to  its  full  extent,  we  have  been  concerned  with  the 
optimization  of  reactant  mixing  considering  the 
rate  limiting  effect  of  the  silicon  concentration, 
the  importance  of  virtually  complete  sodium  atomi¬ 
zation,  and  the  confinement  of  the  reactants  and 
receptors  to  the  cavity  axis  region.  With  the 
silicon  source  temperature  monitored  by  optical 
pyrometry,  we  estimate  the  Si  atom  concentration  in 
the  amplification  zone  as  a  minimum  of  1014/cc  for 
all  studies  involving  gain  measurement.  The  N->0 
oxidant  concentration  exceeds  5  x  1014/cc  and  the 
SiO  metastable  concentration  exceeds  1033/cc.4 
Based  upon  the  Na  source  temperature,  the  measured 
rate  of  expenditure  of  sodium  from  the  source 
exceeds  1018/cm2-sec  in  the  reaction  zone,  which 
corresponds  to  a  density  of  order  1013/cc.4  The 
reactant  and  entrainment  flows  must  also  be 
controlled  so  as  to  protect  the  cavity  windows  from 
the  condensation  of  metastable  silicon  or  germanium 
oxide  and/or  sodium.  This  latter  requirement  is 
met  (Fig.  6),  in  part,  using  "self  cleaning" 
optical  windows29  with  a  protective  helium  (not 
argon)  flow.  The  "rate  limiting"  silicon 
concentration  signals  a  focus  on  the  modification 
of  the  oven  source  configuration  depicted  in  Figure 
6  so  as  to  continually  improve  the  silicon  atom 
flux  as  well  as  the  flow  conditions  whereby  this 
reactant  is  transferred  to  the  reaction-energy 
transfer-amplification  zone. 

The  mixing  zone  of  Fig.  6  is  greatly  stabil¬ 
ized  by  the  moderate  sized  (^15  cubic  feet) 
ballast  separating  the  150  cfm  pump  and  reaction 
chamber.  The  90°  intersection  of  the  SiO  (GeO)  and 
Na  atom  flows,  once  stabilized,  can  be  used  to 
clearly  establish  a  continuous  lasing  action, 
however,  this  is,  by  no  means,  the  ideal  mixing 
configuration.  We  have  now  constructed  and  are 
attempting  to  test  and  optimize  devices  which  allow 
the  concentric  mixing  of  Si,  Na,  and  N20  flows  so 
as  to  replace  the  90°  intersection  of  the  entrained 
SiO  and  Na  flows. 

Full  Cavity  Measurements  -  The  Indication  of 
Oscillation 

Using  the  90°  intersecting  flow  configuration 
we  replace  the  gain  measurement  system  with  a  full 
mirror  laser  cavity  in  which  the  output  coupling 
(1"  diameter  mirror)  corresponds  to  0.22.  We 
employ  the  same  1"  diameter,  99.92  reflector  as 
used  in  the  gain  evaluation  studies,  and  operate 
the  system  under  near  optimum  reactive  flow 
conditions  in  a  stable  cavity  configuration  with 
8182  'v0.82.  We  find  that  the  ratio  of  the  output 
for  full  cavity  operation  to  that  obtained  with  a 
blocked  high  reflector  (Figure  8)  exceeds  103. 

Compare  this  also  to  the  signal  level  observed 
(Fig.  8)  with  the  blocked  high  reflector  and  that 


monitored  with  a  completely  blocked  detector.  This 
result  clearly  indicates  continuous  full  cavity 
oscillation  in  the 

If  we  operate  the  0.2Z  output  coupled  cavity 
below  threshold,  monitoring  a  dominantly  fluores¬ 
cent  process,  the  ratio  of  full  cavity  to  single 
pass  output  (blocked  high  reflector)  is  found  to  be 
slightly  greater  than  1.8  for  the  Na  D-line  ( 3p2P  - 
3s~S).  This  value  should  be  compared  to  a  maximum 
of  1.2  for  a  much  more  lossy  4. 5+7.  output  coupled 
device  (glg2  0.56).  In  fact,  a  maximum  (full 
cavity/blocked  reflector)  ratio  of  order  1.9-1.95 
is  typical  for  all  those  wavelengths  considered 
(  1  -569,  616,  Na  D-line)  when  conditions  in  the 
reaction-amplification  zone  are  such  that  no  gain 
is  monitored.  We  have  also  observed  intermediate 
behavior  associated  with  the  establishment  of 
moderate  but  not  optimal  gain  conditions. 

Improvement  of  the  Knergy  Transfer  Based 
Configuration  -  Ultimata  Goals 

The  current  results  are  exciting  not  only 
because  they  demonstrate  lasing  action  in  the 
visible  region  but  also  because  they  should  be 
substantially  enhanced  with  several  improvements  in 
the  manner  in  which  the  lasing  medium  is  created 
and  the  laser  output  is  extracted  from  the  cavity. 

It  remains  to  increase  both  the  rate  limiting 
silicon  and  sodium  atom  concentrations  in  the 
rea^*-!°n  z°ne  while  maintaining  atomization.  A 
logical  way  to  approach  this  problem  involves  the 
conversion  of  the  intersecting  flow  configuration 
of  Figure  6  to  a  concentric  interaction 
configuration.  We  are  currently  testing  and 
modifying  the  two  designs  depicted  in  Figs.  9(a) 
and  (b)  as  a  means  of  attaining  higher  reactant  - 
amplifying  medium  concentrations.  These  two 
designs  attempt  to  create  a  more  efficient  mixing 
of  those  constituents  forming  the  amplifying 
medium.  In  both  designs,  the  sodium  source  is  now 
placed  directly  above  the  silicon  source,  however, 
the  designs  differ  in  the  sequence  in  which  they 
introduce  the  reactants.  The  design  of  Figure  9(a) 
first  creates  the  SiO  metastables  through  the  Si- 
N2°  reaction  and  subsequently  interacts  the 
entrained  metastables  with  an  entrained  Na  flow. 

In  the  slightly  modified  design  of  Fig.  9(b)  we 
attempt  to  premix  concentric  entrained  flows  of 
silicon  and  sodium,  oxidizing  the  mixture  with  N20. 
The  two  designs  depicted  in  Figure  9  both  result  in 
a  substantial  enhancement  of  reactant  concentration 
and  mixing  as  evidenced  especially  for  the 
configuration  of  Fig.  9(b)  by  the  significant  100 
fold  increase  in  light  emission  from  the  reaction 
zone  as  monitored  through  a  side-angle  viewing  port 
(Fig.  6).  However,  they  also  produce  a  significant 
increase  in  particulate  matter  and  gas  phase 
condensibles  for  which  the  current  pumping  system 
does  not  appear  to  be  well  suited.  These 
condensibles  have  the  attendant  affect  of  degrading 
cavity  windows,  substantially  increasing  loss 
elements  in  the  optical  train.  With  some 
modification  of  the  pumping  system,  the  realignment 
of  entrainment  flows,  the  modification  of 
entrainment  gases  to  best  suit  the  chemistry  of  the 
system,  and  the  adjustment  of  window  protecting 
flows,  these  problems  should  be  greatly  alleviated. 


The  increase  of  reactant  concentrations  may 
lead  to  a  leveling  off  and  eventual  loss  of  the 
gain  condition  if  self-absorption  on  the  Na  D-line 
transitions  becomes  a  dominant  factor  or  SiO 
triplet  self-quenching  begins  to  play  a  deleterious 
role.  Evidence  is  obtained  for  some  self¬ 
absorption  at  the  highest  sodium  concentrations 
when  the  alkali  atom  production  dominates  the 
concomitant  SiO  metastable  production.  With  our 
sodium  atom  source  operated,  in  the  absence  of 
interacting  silicon  or  N20,  at  the  temperatures 
which  we  have  employed  to  produce  the  highest  flux 
densities  in  the  amplification  zone,  we  have 
measured  the  attenuation  of  the  Na  D-line  emission 
from  a  sodium  discharge  lamp.  We  find  an 
attenuation  which  is  much  less  than  50Z.  In 
combination  with  the  cross  section  for  self 
absorgtion,  4  x  10  14  cm2,  as  measured  by  Ermin  et 
al.,  this  suggests  a  sodium  atom  concentration 
close  to  that  estimated  previously.  Of  course,  in 
the  presence  of  N20  and  silicon  reactants,  the 
attenuation  due  to  self  absorption,  while 
evidenced,  is  considerably  diminished  (i5  -  10*). 

Although  concern  with  the  possible  deleterious 
effect  which  a  pumping  of  the  Na  D-line  might  have 
on  transitions  terminating  in  the  3p2P  level  is 
somewhat  alleviated  in  the  present  system  by  the 
sodium  discharge  experiments  of  Tribilov  and 
Shukhtin,  and  the  0.01  second  duration  laser 
pulse  for  the  Na  4s  S  -  3p2P  infrared  transition 
observed  by  Mishakov  and  Tkachenko32  as 
quasicontinuous  lasing,  it  must  eventually  limit 
the  size  of  the  laser  systems.  However,  this  mi  grit 
be  forestalled  to  great  degree  if  we  take  advantage 
of  the  efficient  quenching  of  Na  3p2P  atoms  which 
Tanarro  et  al.  have  demonstrated  for  N2  and  CO 
In  fact,  if  we  replace  the  Si-SiO  and  Na  entraining 
argon  or  helium  gases-*'4  with  N2,  we  observe  a 
pronounced  effect  on  the  energy  transfer  spectrum 
(Fig.  10)  taken  for  an  intermediate  sodium  flux. 

While  the  569  nm  feature  is  dominated  by  the  Na  D- 
line  emission  when  argon  is  used  as  an  entrainment 
gas,  its  intensity  can  be  made  to  exceed  that  of 
the  D-line  when  N2  is  used.  This  result,  obtained 
and  repeated  for  successive  scans  taken  during  the 
same  experimental  run,  suggests  the  possibility  fir 
a  considerable  enhancement  of  the  569  nm  output. 

This  improvement  might  well  result  from  the 
quenching  of  Na  3p2P,  however,  it  might  also  resu.t 
from  an  increased  inhibition  of  the  Na  +  N20  -  NaO 
+  N2  reaction  as  the  equilibrium  is  forced^toward 
reactants. J4 

There  is  reason  to  believe  that  the  extension 
of  this  chemistry  will  provide  further  improvements 
in  the  system.  It  is  desireable  that  we  insure  tr.e 
efficient  oxidation  of  silicon  atoms  by  N20, 
however  the  subsequent  reaction  of  N20,  whether  in 
excess  or  scattered  by  the  flow,  with  those  Na 
atoms  to  which  we  wish  to  transfer  energy  is 
cl*arly  undesireable.  This  can  be  prevented  in 
large  part  if  these  N20  molecules  are  allowed  to 
react  with  CO.  To  enhance  this  possibility,  and 
with  an  eye  to  improving  the  quenching  results 
depicted  in  Figure  10,  we  will  soon  operate  our 
system  with  the  simultaneous  CO  entrainment  of 
sodium  and  the  N2  entrainment  of  silicon. 

Th*  experiments  conducted  thusfar  have  made 
use  of  only  two  distinct  output  coupling 
configurations.  As  well  as  improving  reactant 


concentrations,  the  optimum  output  coupling  for  the 
current  cavity  remains  to  be  evaluated.  Finally, 
we  have  constructed  a  modification  which  will  allow 
removal  of  the  cavity  windows  that  represent 
significant  loss  elements.  With  these 
improvements,  the  output  from  our  full  cavity 
configuration  should  be  substantially  enhanced. 

System  Modeling 

Recently,  Smith  et  al.33  have  begun  a  laser 
chemistry  modeling  effort  on  the  SiO-Na  system. 
Starting  with  the  initial  concentrations  of  the 
reactants  Na,  Si,  and  N2O  which  are  achievable  in 
the  present  system  these  authors  have  used  a  model 
which  includes  the  10  possible  processes 

1.  Si-H^O  ■*  SiO  +N2  *  metastable  excited  state 
formation. 

2.  Si+^O  -*  SiO+f*2  -  ground  state  formation  - 
powgr  depleting. 

3.  SiO  +Na  ■*  SiO+Na  (4d2D)  -  upper  state 
amplifying  transition. 

4-  SiO"+Na  -*  SiO+Na  (3pzP)  -  terminal  level 
amplifying  transition. 

5.  SiO  +SiO  -»  SiO+SiO  -  self  quenching  of  SiO 
metastables. 

6.  Na  (4d2D)  -♦  Na*  (3p2P)  +  hv  (569  nm)  - 
spontaneous  emission. 

7.  Na  (4d2D)  +  hv  (569  nm)  -•  Na*  (3p2P)  + 

2hv  (569  nm)  stimulated  emission. 

8.  Na  ( 3p2P)  +  hv  (569  nm)  -»  Na*  (4d2D)  - 
opjical  pumping. 

9.  Na  ( 3p2P)  Na  (3s2S)  +  hv  (589  nm)  - 
spontaneous  emission. 

10.  hv  (569nm)  ■*  hv  (569nm)  outcoupling  fraction 
for  569  nm  photons  ( laser  cavity  5  cm  in 
length  -  mirror  reflectivities  99.99  and 
99.80!!. 

Using  known  kinetic  rates,  variable  initial 
concentrations,  reasonable  and  variable  rates  for 
those  processes  which  have  not  been  directly 
measured,  and  assuming  a  closed  reaction  in  which 
the  reactants  are  not  replenished.  Smith  et  al.35 
have  deduced  temporal  profiles  for  the  Na 
concentration,  569  nm  photon  concentration,  energy 
density,  and  power  density.  They  conclude  that 
order  of  magnitude  increases  in  the  initial 
concentration  of  Si  or  N2O  have  a  profound  effect 
on  the  system  (power  density  increase)  whereas 
significant  changes  in  the  Na  concentration  have 
relatively  little  effect.  This  signals  the  rate 
limiting  nature  of  the  silicon  concentration  and 
the  importance  of  the  branching  into  the  metastable 
triplet  states.  It  is  also  to  be  noted  that  a 
significant  increase  in  power  density  may  be  muted 
by  SiO  self  quenching,  the  rate  of  which  certainly 
must  be  established  for  these  systems.  For  the 
diversity  of  initial  reactant  concentrations  and 
rates  used  in  their  modal.  Smith  et  al.”  predict 
outgut  power  densities  peaking  between  100  (strong 
SiO  self  quenching)  and  7000  mW/cc.  These 
results,  which  will  soon  be  supplemented  by  a  more 
detailed  modeling  effort,  are  quite  encouraging. 
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Table  I 


Saar  Raaonancas  of  S  10*  {a3!*. 
Transitions  in  Enargy  Transfer 

b3— X1!*)  and  Select 
Lasar  Punping* 

Na  and  K 

Atonic 

Atoa 

Upper 

Atomic 

Laval 

SiO< v' ,v") 
a-X 

Trans.  :E(ea'l)b  Trans. 

b-X 

lE(ca‘l)b 

Sa 

4<j2dS/2,3/2 

-  - 

(1,0) 

294 

(2,1) 

45 

(3.2) 

-209 

Sa 

Ss2S1/2 

(0,0)  200 

(2,2) 

177 

(3,3) 

67 

Sa 

3d2°5/2. 3/2 

(1.4)  180 

(0,4) 

-184 

Sa 

6s2S1/2 

(4,0)  155 

(4,1) 

137 

Na 

4s2S1/2 

No  naar  resonances 

K 

4<i2d5/2.3/2 

(0,5)  -25 

(2.7) 

60 

K 

5d2°5/2,3/2 

(0,3)  -420 

(0.3) 

20 

K 

®«2®l/2 

(0,5)  -70 

- 

- 

K 

Sd2D3/2.3/2 

— 

(0.2) 

-286 

(4,5) 

40 

(3.4) 

264 

K 

7,2s1/2 

(0.3) 

-69 

a.  Liatad  potantlal  resonances  ara  aaant  to  ba  Indlcatlva  but  not  aahauattva. 


b.  ’■  Molecular  laval  energy  -  Atoa  level  enargy.  Positive  quant  It  las  danota 
exothermic  anargy  tram  far. 


Tab la  II 


Naar  Raaonancas  of  GaO*  (a3!*,  b37-Xli:*)  and  Salaet  Na  and  K  Atoalc 
Transitions  in  Enargy  Transfar  Lasar  Punping* 
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(0.2) 

-110 

a.  Liatad  potantlal  raaonancas  ara  aaant  to  ba  Indlcatlva  but  not  ashaustlva. 


b.  %  Holacular  laval  anargy  -  Atoa  laval  anargy.  Posltlva  quantltlas  danota 
asotharale  anargy  transfar. 


Table  III 


Near  Resonances  of  SiO*  (a^+.b^-X^4-) 
En*rgy  Transfer  Laser  Pumping. 


and  Select  Pb  Atomic  Transitions 


in 


SiO( v' ,w") 


Atom 

Level 

a-X 

Trans.  fiKcm'1)* 

Trans. 

b-X 

flE(cm*l) 

Pb 

6p2 

(0.10) 

192 

Pb 

6p2  lS 

(0.3) 

282 

(1.4) 

-42 

(2,5) 

-436 

Pb 

6p7s  3P0 

(2.0) 

24 

(1.0) 

-117 

(2.1) 

366 

Pb 

6p7s  3Pj 

(3.0) 

474 

(2.0) 

529 

(3.1) 

269 

(4.2) 

6 

(5.3) 

-260 

a.  x  Molecular  level  energy  -  Atomic  level  energy 
denote  exothermic  energy  transfer. 


Positive  quantities 


Table  IV 


Near  Resonances  of  GeO*  (a3!4-, b3n-XlE+) 
Energy  Transfer  Laser  Pumping. 


and  Select  Pb  Atomic  Transitions 


in 


C«0(v' fv") 


Atom 

Upper  Atomic 
Level 

Trans . 

a-X 

-  iE(cm'^)* 

Trans. 

b-X 

iE(cm"^ 

Pb 

6p2 

(0.6) 

366 

(1.7) 

69 

(2,8) 

-225 

Pb 

6p2  *S 

(3.0) 

-43 

(2.4) 

122 

(3.5) 

-117 

Pb 

6p7s  3P0 

— 

... 

(4,0) 

-120 

(5,1) 

415 

Pb 

6p7s  3Pl 

... 

... 

(5,0) 

235 

(6,1) 

-70 

4. 


Table  V 


Near  Resonances  of  SiO*,  GeO*  (a3I+,  b3i  -►  Xl£+)  and  Select 
Cu  Atomic  Transitions  in  Energy  Transfer  Laser  Pumping 


Atom 

MO* 

Upper 

Atomic 

Level 

MO*(v’ 

a-X 

Trans.  Etcm-1)3 

,v") 

b 

Trans. 

-X 

E(cm-1)a 

Cu 

GeO 

4P2p3/2 

_ 

(0,1) 

247 

(1,2) 

3 

(2.3) 

-233 

Cu 

GeO 

4P2pl/2 

- 

(1.2) 

251 

(2,3) 

15 

(3,4) 

-243 

Cu 

SiO 

4P2p3/2 

(0,2)  171 

(2,4) 

198 

(3,5) 

-15 

(4,6) 

-229 

Cu 

SiO 

4P2pl/2 

- 

(2,4) 

446 

(3,5) 

233 

(4,6) 

19 

(5,7) 

-202 

a.  Molecular  level  energy  -  Atom  level  energy.  Positive 
quantities  denote  exothermic  energy  transfer. 


Table  VI 


Near  Resonances  of  SiO*,  GeO*  (a3£+,b3!T-X1E+) 
in  Energy  Transfer  Laser  Pumping. 


and  Select  Sn  Atomic  Transitions 


Atom 

MO* 

Upper  Atomic 
Level 

MO*(v’ 

,v") 

a-X 

Trans.  4E(cm~^)a 

Trans. 

b-X 

AE(cm”l)a 

Sn 

SiO 

6s5p  3Pq 

(2,0)  343 

(1,0) 

202 

(2,1) 

-47 

(3,2) 

295 

Sn 

GeO 

6s5p  3P0 

— 

(4,0) 

199 

(5,1) 

-96 

Sn 

SiO 

6s5p  3PX 

(2,0)  70 

(1,0) 

-71 

(2,1) 

320 

Sn 

GeO 

6s5p  3Pt 

-  - 

(4,0) 

-74 

(5,1) 

369 

No  near 

resonances  of  SiO, 

GeO  metastables  with  Sn 

l°2 

0  8613.0 

and  Sn  *Sq  @  17162.6  cm"1 

a.  Molecular  level  energy  -  Atomic  level  energy.  Positive  quantities 
denote  exothermic  energy  transfer. 


(a)  (b) 

Figur.  1(a):  Na  atoa  anargy  level  schema  and  pumping  cyclaa  to  produca  4d2D 
and  Ss2S  axcitad  stacas. 

Figura  1(b):  Typical  anargy  tranafar  pumping  spectrum  for  Na  4d2D  -  3p2p  and 
5s2S  -  3p2P  transition*  and  3p2P  -  3p2S  sodium  D-lina  amission. 
Tha  D-lina  amission  results  both  from  direct  anargy  transfer 
pumping  from  ground  state  NaO  and  from  subsequent  fluorescence 
following  emission  to  the  3p2P  level. 

Figura  1(c):  Energy  transfer  pumping  spactrum  corresponding  to  Na  3d2D  -  3p2P 
transition. 


Figur*  2:  Potassium  -  SiO  (a 3Z+,  b3n)  near  resonant  anargy  transfer  spectrum 
showing  tha  potassium  D  lines,  and  atomic  amissions  corresponding 
to  the  6s-4p,  5d-4p,  7s-4p,  6d-4p  and  8s-4p  transitions. 


*jr 


Figure  3:  Comparison  of  lead  -  SiO  (a3Z+,  b3n)  near  resonant  energy  transfer 
spectra.  Metastable  SiO  molecules  were  created  in  the  reaction  Si  + 
N20-*Si0*+N2'  (•)  The  spectrum  corresponds  to  a  portion  of  the  SiO 

metastable  emission  spectrum  before  lead  atoms  are  brought  into  the 
reaction  zone.  (b)  Spectrum  recorded  with  high  Pb  Flux  ('\.  1  torr 
vapor  pressure)  showing  the  manifestation  of  energy  transfer 
pumping  to  produce  electronically  excited  3P0,  3Plt  and  !d2 

levels  of  the  lead  atom.  (c)  Energy  levels  for  the  lead  atom 
with  observed  transitions  as  indicated  in  (b).  See  text  for 
discussion. 


Figure  4:  Copper  -  SiO  (a^E+,  near  resonant  energy  transfer  spectra 

generated  from  a  "premixed"  Si-Cu  mixture  subsequently  oxidized 
with  N20.  (a)  Spectrum  showing  a  portion  of  the  SiO  metastable 

emission,  the  Cu  i|3/2-ZD5/2  blue  green  emission  line  (copper  vapor 
laser)  and  the  Cu  '‘P3/2  l/2“^D3/2  yellow-orange  emission  features, 

ib)  Energy  levels  for  the  copper  atom  with  observed  transitions  as 
indicated  in  (a).  See  text  for  discussion. 


Gain  Measurement 

Shutter 


Laser  Cavity 


Figure  5(a):  Cain  measurement  configuration  after  loll  and  Mental  (ref.  27  ). 

The  region  marked  L  In  the  figure  corresponds  to  the  reaction  - 
amplification  cone. 

Figure  5(b).  Laser  cavity  configuration  to  characterise  potential  oscillation 
in  the  Sl-StO-Na  system  at  569  iw. 


Ovvtfl  Apparatus  Configuration 


Figure  6t  (•)  Schematic  of  reaction  chamber  and  window*  dafining  optical 

train,  ballast  tank  to  moderate  puaping  fluctuations,  and  pumping 
configuration,  for  aztsndsd  path  length  Sl-SiO  (Si-N20)-Na  reaction 
amplification  sons.  (b),(c)  Side  and  overhead  views  of  reaction 
chamber  showing  positioning  of  Si  oven  source,  relative  locations 
of  Si  and  Na  oven  sources,  oxidant  injection  system,  and  relative 
positions  of  these  devices  with  respect  to  the  optical  train. 
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figure  7(a):  Single  pass  continuous  amplified  spontaneous  emission  (ASE) 

intensity  (Ij)  measured  using  a  Spex  1  meter  spectrometer  and 
RCA  4840  phototube  and  the  gain  conf Iguration  depicted  in  Figure 
3(a)  for  the  Si-SiO-Na  system.  Spectral  resolution  is  1  nm. 

Because  the  figure  is  uncorrected  for  photo-tube  response, 
decreasing  fro.  510  to  630  nm.  or  grating  blase  (500  nm).  the 
emission  associated  with  the  6,2S  -  3p2P  transition  appear,  more 
intense  than  that  associated  with  the  5s2S  -  3p2?  transition, 
figure  7(b):  Double  pass  continuous  amplified  spontaneous  emission  (ASE) 
intensity  (I2)  measured  using  the  gain  configuration 
depicted  in  Fig.  3(a)  for  the  Si-SiO-Ne  system.  The  Na  D-line 
intensity  is  co«*arable  to  that  in  Fig.  5(a).  The  ratio  of  the 
V *1  intensity  for  the  569  nm  Na  emission  feature  is  2.6/1 
for  this  individual  study  and  can  approach  3.8/1  under  optimal 
conditions  for  the  system.  Spectral  resolution  U  M  na 
(see  (a)). 
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Figura  8: 


Full  cavity  output  created  with  %  0.2Z  output  coupling  for  the 
continuous  Si-Si0(Si-N20)-Na  amplifier  at  \  *  569  nm.  These 
measurements  were  taken  in  continuous  flow  with  the  cavity 
configuration  depicted  in  Fig.  6(b).  The  full  cavity  output  is 
compared  to  the  obtained  with  both  a  blocked  high  reflector  and 
with  the  entire  cavity  isolated  from  the  signal  detection  system. 
The  ratio  of  the  output  obtained  for  the  full  cavity  to  that 
obtainad  with  a  blocked  high  reflector  exceeds  10^/1. 


Figure  9(a):  Concentric  configuration  for  energy  transfer  pumping.  The 

sodium  oven  is  placed  above  the  silicon  oven.  The  oxidant  N20 
is  introduced  into  the  silicon  flow  to  form  SiO*  which  then 
interacts  with  sodium  vapor.  The  energy  transfer  zone  is 
approximately  1"  above  the  silicon  oven. 

Figure  9(b):  Concentric  configuration  for  energy  transfer  pumping  with  a 

sodium  and  N20  injector  nozzle  array  placed  above  the  silicon 
oven.  In  this  configuration  the  sodium  and  silicon  are  mixed 
before  the  oxidant  is  introduced  to  initiate  the  energy 
transfer  process. 
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Wavelength  (nm) 


Figure  10:  Energy  transfer  pumping  spectra  obtained  for  (a)  Ar  and  (b)  N2 

entrainment.  The  observed  Na  Ad^D-Sp^p  emission  feature  (">.569nm) 
is  seen  to  increase  precipitously  in  intensity  relative  to  the  Na 
3p  P-3s  S  D-line  (,v590nm)  with  change  of  entrainment  gas  from 
argon  to  N2.  See  also  Fig.  1. 
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"Laser  Induced  Fluorescence  and  Radiative  Lifetimes  of  the  Low-Lying  Electronic 
States  of  Gaseous  AgF",  H.  Wang,  and  J.  L.  Gole,  J.  Mol.  Spectros.  IM,  28  (1993). 


Laser  induced  fluorescence  and  radiative  lifetimes  of  the  low-lying 
electronic  states  of  gaseous  AgF 

He  Wang  and  James  L.  Gole 

School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
(Received  10  February  1993;  accepted  12  March  1993) 

At  the  fringes  of  the  visible  region,  two  low-lying  1  (fl  =  1)  electronic  states  A'fll  and  afll  of 
gaseous  AgF  located  —4300  cm-1  below  the  previously  known  lowest  excited  A0+  state  have 
been  excited  for  the  first  time  in  a  silver  vapor-fluorine  reaction  system.  The  A'Sll-X  '2+  and 
a  Cll-X  '2  +  band  systems  (also  observed  in  chemiluminescence)  have  been  excited  and  studied 
using  pulsed  laser  induced  fluorescence  spectroscopy.  The  band  system  associated  with  the 
A'Cl l-X  *2+  transition  has  been  rotationally  analyzed.  The  UV  fluorescence  of  the  A0+  and 
B0+-X  12+  transitions  has  also  been  excited.  The  radiative  lifetimes  of  these  four  low-lying 
electronic  states  have  been  measured  as  7.1  (is  04'fll),  9.1  (i s  (aHl),  240  ns  M0+),  and  21  ns 
( B0+ ),  respectively,  revealing  that  the  two  H  =  1  states  are  of  triplet  character,  while  the  two  0+ 
states  are  of  singlet  character.  The  observed  low-lying  states  of  AgF  appear  to  dissociate  adia- 
batically  to  neutral  atoms  in  contrast  to  the  apparent  dissociation  of  the  low-lying  electronic 
states  in  CuF  to  ion  pairs.  The  observation  of  the  low-lying  1  states  of  AgF  also  indicates  the 
existence  of  similar  stable  1  states  for  the  remaining  silver  halides,  all  of  which  should  absorb 
visible  photons.  Major  molecular  constants  of  the  newly  observed  A'fll  state  of  107 AgF  are 
T,=24  950.71  (10)  cm-1,  AG1/2=506.74<8)  cm"1,  £,=0.281  32(  15)  cm-1,  Z>,=0. 116(60) 

X 10-6  cm-1,  and  r,=  1.927  A. 


I.  INTRODUCTION 

In  contrast  to  atomic  oxidation  via  A  +  BC  reactive 
encounters,  the  internal  mode  structure  and  dynamics  as¬ 
sociated  with  the  kinetically  controlled  highly  exothermic 
oxidation  of  metal  molecules  is  largely  unaddressed.  How¬ 
ever,  the  limited  information  which  is  available  demon¬ 
strates  that  these  metal  molecules  can  undergo  a  unique 
and  sometimes  unexpected  reactive  branching. 1-3  The 
study  of  this  reactive  branching  can  provide  information 
useful  for  the  development  of  extrapolations  from  simple 
A  +  BC  reactions  as  well  as  detailed  maps  of  the  quantum 
level  structure  of  product  metal  based  oxides  and  halides 
formed  in  reaction.4-6 

Recently,  Devore  et  aL6  have  begun  a  study  of  the  sil¬ 
ver  molecule  (Ag,,  *>2)-ozone  reactions,  correlating  the 
observed  emission  from  these  reactive  encounters  with 
AgO,  Agj,  and  Ag,0  (x>2)  excited  state  product  forma¬ 
tion.  Here,  we  report  an  experimental  study  of  the  silver 
vapor-fluorine  reaction  system.  We  have  obtained  the  first 
evidence  for  two  stable  1  (0  =  1)  states  of  the  gaseous 
silver  monohalide  AgF,  which  lie  -4300  cm-1  below  the 
previously  known  lowest  excited  A0+  state.  The  band  sys¬ 
tems  associated  with  the  A'fll-X  !2+  (Ref.  7),  aOl- 
X  ‘2+,  A0+-X  '2+,  and  BQ+-X  !2+  transitions  have 
been  studied  using  a  combination  of  chemiluminescence 
and  pulsed  laser  induced  fluorescence  spectroscopy  follow¬ 
ing  fluoride  formation  from  the  four  center  Ag2-F2  reac¬ 
tion. 

The  silver  halide  molecules  AgX  (X=F,  Cl,  Br,  and  I) 
are  potentially  important  in  the  photographic  process.8 
Their  spectroscopic  study  has  had  a  long  albeit  limited 
history.9-14  The  halide  ground  states  are  highly  ionic  with 
AgCl  and  AgBr,  respectively,  of  52%  (Ref.  15)  and  47% 


(Ref.  16)  ionic  character  and  the  AgF  ground  state  dipole 
moment  being  6.22  D.17  The  heavy  halides  follow  prima¬ 
rily  Hund’s  case  (c)  coupling.  If  we  assume  a  covalent 
model,  the  ground  state  of  AgF  dissociates  to  Ag  2Sl/2 
+F  2P3/2  ground  state  atoms  whose  combination  generates 
five  molecular  states  0+,  0",  1,  1,  and  2.  At  slightly  higher 
energy,  the  Ag  2Sm+F2P  !/2  atoms  can  combine  to  yield 
0+,  0~,  and  1  states.  The  ground  state  of  AgF,  identified 
with  1Z+  symmetry,  has  been  well  studied  by  Barrow  and 
Clements18,19  using  UV  absorption  and  by  Hoeft  et  aL 17 
using  microwave  spectroscopy.  The  absorption  spectrum 
of  AgF  reported  by  Barrow  and  Clements  in  Ref.  19  con¬ 
sists  of  a  continuum  transition  at  about  303.0  nm  and  two 
band  systems  originating  from  the  A0+  (7, =29  220 
cm-1)  and  the  B0+  (7*,= 31  663  cm-1)  states,  with  the 
former  dissociating  to  the  Ag  2Sl/2+F2Pl/2  atomic  limit 
and  the  latter  to  the  higher  atomic  dissociation  products 
Ag  2P 1/2 +F  2 Pi/2-  Predissociation  has  also  been  observed 
in  high  J  rotational  levels  for  both  thev40+  and  B0+  states. 
However,  no  transitions  in  the  visible  region  or  stable  elec¬ 
tronic  states  with  11  =  1  symmetry  have  been  reported  pre¬ 
viously  for  any  of  the  silver  halides. 

Furthermore,  striking  differences  have  been  found  be¬ 
tween  the  observed  spectra  of  AgF  (Refs.  18  and  19)  and 
CuF  (Ref.  20)  even  though  Cu  and  Ag  have  similar  elec¬ 
tron  configurations  as  a  result  of  their  positions  in  the  pe¬ 
riodic  table.  All  five  observed  low-lying  electronic  states  cf 
CuF  are  located  between  14  500  and  22  800  cm-1,  at  much 
lower  energy  than  the  A0+  state  of  AgF.  The  lowest  CuF 
electronic  state  identified  is  of  32+  symmetry  (with  com¬ 
ponents  n=0"  and  1).  The  radiative  lifetimes  of  the  CuF 
states  have  been  found  experimentally  to  be  fairly  long,  of 
the  order  of  one  to  several  microseconds21,22  even  for  the 
reported  singlet-singlet  transitions.  This  behavior  has  been 
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FIG.  1.  Experimental  setup  for  chemiluminescence 
fluorescence  spectroscopy. 


and  laser  induced 


explained  with  ab  initio  calculations21-25  within  a  frame¬ 
work  in  which  all  observed  bands  of  CuF  are  assigned  to 
transitions  between  the  excited  Cu+(3d94s)F~(2/)6)  struc¬ 
ture  and  the  closed-shell  Cu  +  (3tf10)F~(2p6)^ 'l  + 
ground  state  ion  pair.  These  transitions  correspond  to  for¬ 
bidden  3 d-As  electron  transfers  in  the  Cu+  atomic  limit. 

It  seems  apparent  that  the  observation  of  additional 
low-lying  electronic  states  in  AgF  and  the  measurement  of 
the  radiative  lifetimes  for  several  of  the  low-lying  states  of 
the  AgF  molecule  can  provide  key  information  which  can 
be  used  to  better  understand  differences  and  correlations  in 
both  the  spectral  and  electronic  properties  of  CuF  and 
AgF.  These  lifetime  measurements  are  also  important  as 
they  characterize  predissociations.  In  obtaining  the  first 
evidence  for  two  stable  fl  =  1  states  of  AgF,  we  have  na¬ 
tionally  analyzed  the  A'ill-X  '2+  transition.7  The  radia¬ 
tive  lifetimes  of  the  four  observed  low-lying  electronic 
states  of  AgF  have  also  been  measured.  The  spin  charac¬ 
ters  and  the  dissociation  limits  of  these  low-lying  states  are 
discussed.  The  internal  energy  distribution  of  the  reaction 
product  AgF  molecules  and  the  possible  reaction  paths  to 
produce  excited  and  ground  state  AgF  are  also  considered 
Our  spectroscopic  analysis  of  the  A’(U-X  l2+  transition  is 
presented  in  detail  elsewhere.7 

II.  EXPERIMENT 

AgF  molecules  were  generated  in  reactive  encounters 
under  multiple  collision  conditions  as  a  helium  entrained 
silver  flow  was  intersected  by  molecular  fluorine.  The  over- 
aU  experimental  configuration  is  depicted  schematically  in 
Fig.  1.  The  entrainment  flow  device  used  in  this  study  has 
been  described  in  detail  previously.2  Briefly,  silver  metal 
was  heated  in  a  graphite  crucible  to  temperatures  in  the 
range  close  to  1600  K.  The  silver  flux  emanating  from  the 
crucible  was  entrained  in  a  flow  of  helium  gas  at  a  total 
pressure  of  1  Torr.  The  fluorine  gas  was  introduced  into 
the  entrained  silver  flow  through  a  concentric  ring  inlet 
located  ~1  cm  above  the  crucible.  A  chemiluminescence 


gaseous  AgF 


flame  was  generated  in  the  reaction  zone  which  could  be 
dispersed  by  a  0.75  m  Spex  1702  monochromator,  operated 
m  "rst  order  with  a  1200  groove/mm  grating  blazed  at  500 
nm,  and  positioned  at  right  angles  to  the  reactant  flow 
signals  being  detected  with  an  RCA  1P28  photomultiplier. 
The  photomultiplier  (PMT)  signal  was  fed  to  a  Keithley 
417  autoscale  picoammeter  and  recorded  with  a  personal 
computer. 

In  order  to  carry  out  the  laser-induced  fluorescence 
(LIF)  experiments,  the  second  harmonic  of  a  Quanta- ray 
Nd:YAG  laser  (0.53  /z)  was  used  to  pump  a  Spectra- 
Physics  PDL-3  pulsed  tunable  dye  laser  system  operated 
with  DCM  or  LD698  dye.  The  output  of  the  pulsed  dye 
laser  (with  a  linewidth  of 0.07  cm-'  and  a  pulsewidth  of  9 
ns)  was  then  either  mixed  with  the  fundamental  output  of 
the  YAG  laser  or  frequency  doubled  in  a  frequency  mixer 
(Quanta-Ray  WEX-1)  to  produce  the  UV  (in  the  range 
310-410  run)  coherent  radiation  which  was  introduced  to 
the  reaction  chamber  in  a  direction  perpendicular  to  both 
the  reactant  flow  and  detector.  The  YAG  laser  was  trig¬ 
gered  by  a  digital  pulse  generator  (SRS  DG535)  with  a 
repetition  rate  of  15  Hz.  The  ^-switching  signal  of  the 
;.A°  orator  was  used  to  trigger  a  boxcar  integrator 
(SRS  SR250)  for  better  synchronization.  The  fluorescence 
induced  by  the  UV  laser  pulse  was  collected  with  a  RCA 
1P28  photomultiplier  (2.2  ns  rise  time)  and,  through  a  fast 
preamplifier  (CLC  100  Video  Amplifier,  500  MHz),  sent 
to  the  gated  integrator  to  record  the  spectrum  as  a  function 
of  the  laser  frequency.  A  fast  digital  oscilloscope  (HP 
5411  ID,  0.7  ns  rise  time)  was  used  to  real  time  monitor 
and  record  the  fluorescence  decay.  The  integration  gate 
was  set  to  a  proper  width  in  the  range  from  20  to  300  ns 
dictated  by  the  nature  of  the  monitored  fluorescence  decay 
with  a  delay  timed  such  that  the  gate  opens  just  after  the 
short  laser  scattering  pulse,  thus  reducing  background 
noise.  A  personal  computer  drives  the  dye  laser  stepper 
motor,  scanning  the  dye  laser  frequency  and  acquiring  the 
averaged  output  data  from  the  boxcar  synchronously.  In 
order  to  achieve  a  linear  scan  in  wavelength  when  the  dye 
laser  frequency  was  mixed  with  the  infrared,  the  scan  step 
size  of  the  dye  laser  was  calculated  in  real  time  using  the 
PC.  The  output  frequency  of  the  WEX-1  was  calibrated 
using  aluminum  atom  lines.7 
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An  overview  of  the  chemiluminescent  emission  from 
die  silver  vapor-fluorine  molecule  reaction  is  depicted  in 
Fig.  2(a).  The  peak  at  342  nm  is  readily  identified  as  the 
(u,v  )  =  (0,0)  band  of  the  ,40+-*  >2+  transition  of  AgF 
However,  the  spectrum  is  dominated  by  intense  vibration- 
ally  resolved  structure  due  to  the  A’CU-X  '2+  band  sys¬ 
tem  observed  for  the  first  time  as  a  result  of  the  silver 
molecule-molecular  fluorine  reaction.  Figures  2(b)  and 
2(c)  display  two  detailed  views  of  the  regions  near  400  and 
409  nm  and  reveal  two  of  the  weaker  features  associated 
with  a  second  system  which  we  label  and  correlate  with  an 
ap 2  transition.  As  Fig.  3(a)  demonstrates,  both 
the  A  (11  X  2  and  afil-Ar|2+  band  systems  can  be 
excited  with  the  output  from  a  pulsed  dye  laser  scanning 
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FIG.  2.  (»)  Overview  chemiluminescence  spectrum  for  the  reaction  Ag2 
+Fj— AgF* +AgF  at  a  resolution  of  5  A.  (b)  Chemiluminescence  spec¬ 
trum  for  the  reaction  Ag2+ F2— AgF*+AgFin  the  region  near  400  nm  at 
a  resolution  of  0.1  A.  (c)  Chemiluminescence  spectrum  for  the  reaction 
Ag2+F 2— AgF* + AgF  in  the  region  near  409  nm  at  a  resolution  of 

0.1  A. 

through  the  region  about  400  nm.  Figure  3(b)  depicts  a 
simulation  for  the  (0,0)  band  of  th cA'-X  system.  Both  the 
CL  and  LIF  signals  associated  with  the  structure  in  Figs.  2 
and  3  correlate  with  the  Ag  vapor  concentration  and  flu¬ 
orine  gas  pressure.  These  measured  band  separations  agree 
well,  within  experimental  error,  with  the  known  vibra¬ 
tional  separations  for  the  ground  X  '2+  state  of  107 AgF 
given  by  Barrow  and  Clements.19  Based  on  this  compari¬ 
son,  one  can  tentatively  attribute  the  observed  structure  to 
a  transition  of  the  AgF  molecule  originating  from  a  newly 


FIG.  3.  (a)  Pulsed  User  induced  fluorescence  spectrum  of  the  A'Cll- 
X  2  +  (0,0)  band  of  AgF.  The  intensity  anomalies  are  due  to  the  super¬ 
positions  of  the  R  branch  and  the  Q  branch  peaks,  (b)  Computer  simu- 
Ution  of  the  A'tU-X  'I+  (0,0)  band  of  AgF. 

observed  A'  electronic  state.  Using  LIF,  we  identify  this 
electronically  excited  state  as  an  11=1  state.  The  vibra¬ 
tional  assignment,  as  listed  in  Table  I  and  shown  in  Fig. 
2(a),  can  be  readily  obtained  and  further  confirmed  with 
dispersed  laser  induced  fluorescence. 

A  Rotational  analysla  of  the  A'ftl-X  12+  band  sys¬ 
tem 

Figure  3(a)  corresponds  to  the  rotationally  resolved 
LIF  spectrum  for  the  (p\i>")  =  (0,0)  band  of  the  A'Ql- 
-T  2+  band  system  which  we  computer  simulate  in  Fig. 
3(b).  These  features  are  considered  in  more  detail  else¬ 
where.  The  LIF  spectrum  corresponding  to  the  (»>") 


TABLE  I.  Measured  vibrational  separations  of  the  ground  X  '2+  state  of 
AgF  observed  by  chemiluminescence  and  laser  induced  fluorescence.  Also 
luted  are  the  experimental  data  obtained  by  Barrow  et  aL  in  Ref.  19  (for 


V 

AG  (Ref.  19) 
(cm-1) 

AG  (Observed  by  CL) 
(cm-1) 

AG  (Observed  by  LIF) 
(cm-1) 

0 

508. 26  ±0.04 

509.6  ±6 

508.14  ±0.1 

2 

503.08  ±0.04 

500.7  ±6 

3 

497. 89  ±0.04 

491.6±6 

485.5  ±6 

4 
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-  ( 1,0)  and  (2, 1 )  bands  of  theA'-X  system  have  also  been 

^  depkted  in  4.  The  two  weak  peaks 
at  *>1-39  also  observed  in  CL  in  Fig.  2(b)]  and  393.33  nm 
m  Figs.  3(a)  and  4  cannot  be  assigned  to  the  A’ ill  elec¬ 
tronic  state  and  are  associated  tentatively  with  a  second 

,7  ,  statc  bascd  on  the  atomic-molecular  correlations 
which  we  consider  shortly.  The  rotational  spectra  for  the 
A  system  show  typical  blue  degraded  rotational  progres¬ 
sions  with  clear  P  heads  to  the  red,  indicating  that  the 
upper  electronic  state  has  a  larger  rotational  constant  B 
than  does  the  ground  state.  Two  rotational 

branch^  (R  and  (?)  have  been  identified  from  the  blue 
degraded  rotational  structure  labeled  in  Fig.  3.7  Apparent 
intensuy  anomalies  result  from  the  superposition  of  the  R 
and  (2  branches  with  the  latter  progressing  slightly  behind 
the  former.  This  conclusion  is  based  on  the  analysis  of  the 
simulation  calculation  depicted  in  Fig.  3(b).  In  analyzing 
the  dispersed  fluorescence  induced  by  pumping  at  the  P 
cad  of  the  (d  ,v”)  =  (0,0)  band,  we  have  confirmed  the 
vibrational  assignment  for  the  dominant  features  of  the 
chemiluminescent  spectrum  depicted  in  Fig.  2(a).7 

The  electronic  assignment  for  the  dominant  A'-X  sys¬ 
tem  has  been  made  by  considering  the  rotational  transition 
patterns.  In  Hund’s  case  (c),  transitions  with  Afl=0  and 

-  =0  are  similar  to  'Z-'Z  transitions  (with  R  and  P 
branches),  and  transitions  with  Afl  =  1  and  fl'=  1,  fi"=0 
have  the  pattern  of  'll-1 2  band  systems  (with  R,  Q,  and  P 
branches).  Rotational  assignments  for  well-resolved  R 
and  Q  peaks  (Fig.  3  and  Ref.  7)  of  the  A'-X  system  were 
easily  determined  using  the  following  expressions  and  the 
previously  known  ground  state  rotational  constants  given 
m  Ref.  19: 

v*  =  v0  +  ( B '  +  B'J )  (/+  J )  +  ( -  B'„' )  (/+ , ) 2,  J>0, 

(1) 

vq^o+(b:+b:)j+(b:-b:)j\  J>h  (2) 

v>=v 0-{BI  +  B"u)J+{B'v-B’;)J\  j>  2,  (3) 


TABLE  II.  Molecular  constants  of  th-  4'fl!  state  of  l0,AgF  The  vibra- 

rlT Unts  f°r  ?  7  “ clJculsted 

"  -  “  81Ve"  'ht  ,tn0,£-  AiI  m  cm"  • 


24  950.71(10) 
506.744(80) 

0.281  32(15) 

0.404  4(89)  x  I0~! 

0  -116(60)xl0-6 
-0.403(83)  x  10- 10 
1.927 


24  950.71(10) 

506  041 
0.280  54 
0.402  7x  I0“2 
0.115x10'* 

— 0.400  x  10- 10 
1.927 


TTie  numbers  in  parentheses  are  la  uncertainties 

“The^  followmg  formula  re  used:  B,=  p'B„  a'  =  p>a„  D,  =  p'D 

Jfe  CJ,/'rP  “d  *her'  M  and  p’  are 

p=  1001^9  °f  ,hC  ,W°  ,S°,0peS  F°r  '°7AgF  and  ,C”AgF 


Whfn  vVa’  Vq’  “d  Vp  are  the  P^  positions  of  the  R  Q 
and  P  branches,  respectively.  J  is  the  lower  state  rotational 
quantum  number  and  B[  and  2?;  are  the  rotational  con¬ 
stants  of  the  upper  and  the  lower  states.  The  centers  of  the 
deep  valleys  near  the  P  heads  in  Figs.  3(a)  and  4  are  very 
good  approximations  to  the  band  origins  v0.  With  the  vi¬ 
brational  and  rotational  assignments  and  the  ground  state 
molecular  constants  of  7AgF  given  in  Ref.  19,  term  val¬ 
ues  for  the  observed  vibronic  levels  were  calculated  A  set 
of  Dunham  coefficients  consistent  with  the  assignment  of 
an  A  ill  state  were  obtained  and  are  listed  in  Table  II  The 
constants  in  Table  II  can  reproduce  all  well-resolved  R  and 
Q  branch  levels  with  a  standard  deviation  of  0. 1  cm  “ 1  We 
note  that,  under  the  present  experimental  resolution,  no 
“'type  doubling  has  been  observed  for  the  A’Cll-X  'z  + 
transition. 

'»1TJ'.V,brfi0nJ  and  rotational  constants  of  the  isotope 
AgF  listed  in  Table  II  were  calculated  from  those  of 
AgF  using  the  well-known  formula  for  isotope  effect 27 

t?pe3n‘0P^?llvi"f+°f the/rni~-r  '2+  (0.0)  band  [also 
he  A0  ,  B0  -X  Z  (0,0)  bands  as  depicted  in  Fig  5] 

are  too  small  to  be  resolved  for  those  rotational  levels  ob¬ 
served  under  the  current  experimental  resolution.7  Fur- 

w ‘inn?K 1 uigS’  3U)  aiId  4’  wc  find  that  the 
(v,v  >  =  (1,0)  band  of  the  A'(ll-X  '2+  system  is  not  as 

well  resolved  as  the  «(<M»  band  due  to  the  in- 

creasing  isotope  splittings  for  higher  vibrational  levels. 

The  rotational  simulation  for  the  A'Cll-X  *2+  (0  0) 

band,  depicted  in  Fig.  3(b),  was  carried  out  assuming  a 

Boltzmann  rotational  distribution  (7=495  K)  for  the 

oZ?  r„"  "I'S.'-'1*  (««•  A. 

,u'„  '  The  dt"™'nKl  r»U.ion«l  tempera- 

495  K  may  not  1,6  “  accurate  measure  of  the 
thermodynamic  temperature  since  Hund’s  case  (c)  mixing 
effects  have  not  been  considered  in  the  calculation.  The 
molecular  constants  for  7AgF  given  in  Table  II  were  used 
with  no  isotope  effect  taken  into  account  in  the  calculation 
“f  a.gr“™!nt  of  the  '"tensity  patterns  for  the  simulation 
and  the  LIF  spectrum  further  confirms  the  electronic  as¬ 
signment  to  a  newly  observed  A'Cl\  state.  From  the  mo¬ 
lecular  constants  given  in  Table  II,  calculated  Franck- 
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FIG.  5.  Pulsed  laser  induced  fluorescence  spectra  of  (a)  the  A0+-X  'l+ 
(0,0)  band,  and  (b)  the  BO+-X  '2"  (0,0)  band  of  AgF. 


Condon  factors  are  found  to  be  in  excellent  agreement  with 
the  CL  intensity  distribution.7 

B.  The  4fl1-X  12+  band  system 

The  three  weak  peaks  which  are  located  at  409.5, 
401.39,  and  393.33  nm  as  depicted  in  Figs.  2(b),  2(c), 
3(a),  and  4,  cannot  be  identified  as  vibrational  bands  of  the 
A'ill-X  *2+  system  and  are  tentatively  considered  to  orig¬ 
inate  from  another  electronic  state.  Since  no  rotational 
structure  has  been  resolved  for  these  features,  the  elec¬ 
tronic  symmetry  of  the  emitting  state  is  not  clear.  We  can, 
however,  make  a  suggested  assignment  based  on  correla¬ 
tions  between  the  molecular  states  and  their  atomic  limits 
(see  the  following).  The  three  weak  peaks,  located  39,  38, 
and  36  cm-1,  respectively,  to  the  red  of  the  P  heads  of  the 
(0,1),  (0,0),  and  (1,0)  bands  of  the  A'£l\-X  '2+  system, 
have  a  separation  of  508  and  510  cm-1.  The  former  agrees 
closely  with  A<u1/2  (508.26  cm-1)  of  the  ground  X  ‘2+ 
state  of  AgF,  while  the  latter  is  similar  to  the  &(0\/2  (506.7 
cm- 1 )  of  the  A’ill  state.  It  is  also  noted  that  the  409.5  nm 
peak  is  observed  only  in  emission  (chemiluminescence). 
The  401.39  nm  peak  is  observed  both  in  emission  (CL) 
and  LIF  excitation,  while  the  393.33  nm  peak  is  recorded 


only  in  LIF  excitation.  It  appears,  therefore,  very  likely 
that  the  peak  at  401.39  nm  corresponds  to  the  (0,0)  band 
of  an  aCll-X  !2+  transition.  An  electronic  state  with  a 
potential  energy  curve  very  similar  to  that  of  the  A' ill 
state  but  located  about  38  cm~'  below  the  A  'Ill  state  is 
suggested.  This  flftl  state  also  has,  as  we  outline  shortly,  a 
radiative  lifetime  similar  to  the  A' ill  state. 

C.  The  A0+,  B0+-X  12+  band  systems 

Laser  induced  fluorescence  has  also  been  observed  for 
the  AgF  A0+-X  ' 2+  (0,0)  and  B0+-X  l2+  (0,0)  bands 
in  the  UV  region.  Laser  induced  fluorescence  spectra  are 
depicted  in  Figs.  5(a)  and  5(b),  respectively.  Both  the 
A-X  and  B-X  emission  spectra  show  clear  *2+-12+-like 
features.  The  A-X  (0,0)  band  is  blue  degraded,  whereas 
the  B-X  (0,0)  band  is  red  degraded.  The  molecular  con¬ 
stants  determined  for  these  two  bands  are  tabulated  in  Ta¬ 
ble  III  and  compared  with  those  given  in  Ref.  19.  The  LIF 
intensity  for  these  two  systems  is  considerably  stronger 
than  that  for  the  A’ill-X  '2+  transition.  Intense  laser  flu¬ 
orescence  could  be  observed  for  the  A-X  and  B-X  systems 
at  oven  temperatures  just  above  the  silver  melting  point 
( 1234  K),  while  a  considerably  higher  temperature  ( 1600 
K)  was  needed  to  observe  both  CL  and  LIF  for  the  A’Sll- 
X'2+  transition.  The  (u',y")  =  (l,0)  bands  for  both  the 
A 0+-X  '2+  and  B0+-X  '2+  systems  were  not  observed 
even  with  a  sensitivity  ten  times  higher  than  that  necessary 
to  record  the  (0,0)  bands.  This  is  partly  due  to  unfavorable 
Franck-Condon  factors  and  partly  the  result  of  the  predis¬ 
sociation  of  these  two  states  as  considered  in  Ref.  19. 

D.  Radiative  lifetimes 

Using  a  digital  oscilloscope,  we  have  recorded  the  ex¬ 
ponential  fluorescence  decay  with  a  laser  pump  frequency 
set  at  the  intense  P  heads  of  the  A'Cll-X  '2+  (0,0)  and 
A0+-X  l2+  (0,0)  bands  and  the  R  head  of  the  50+- 
X  '2+  (0,0)  band.  Typical  fluorescence  decay  waveforms 
(an  average  of  ten  laser  shots)  for  the  A’Sll-X  '2+  (0,0), 
A0+-X  '2+  (0,0),  and  B0+-X  *2+  (0,0)  transitions  are 
shown  in  Fig.  6.  Table  IV  lists  the  measured  radiative  life¬ 
times  for  the  four  low-lying  electronic  states  characterized 
in  this  study  (together  with  several  of  their  other  proper¬ 
ties).  The  fluorescence  decay  of  the  long-lived  A'tll  state 
has  been  found  to  be  sensitive  to  the  fluorine  gas  pressure. 
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FIG.  6.  Exponential  fluorescence  decay  waveforms  „  k  u 
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Under  the  optimal  conditions  for  obtaining  a  LIF  signal 
fluorescence  decays  ranging  from  12  to  4  £  (with  Tiv’. 
CTaged  value  of  7.1  /is)  were  recorded  when  the  fluorine 

SEJ”**fUre  lncreased  No  quenching  effects  have  been 
observed  with  increasing  He  entrainment  gas  pressure  and 

no  pressure  dependence  is  found  to  be  associated  with  the 
With  real-time  momtonng  of  the  fluorescence  decay  while 


1  STrigJi  ’mf  eqUenCy'  WC  find  no  aPParcnt  rota- 
J  tional  dependence  for  the  radiative  lifetimes.  Finally  we 

4  Iun^in0te  t.hat  s,nce  thc  Pulse  used  to  induce  the 
fluorescence  has  a  pulse  duration  of  9  ns  [full  width  at 

half-maximum  (FWHM)],  the  build-up  process  for  LIF 
which  is  virtually  identical  to  the  laser  pulse  rise  time’ 
cannot  be  detected  on  the  5  /xs/di  vision  and  200  ns/ 
division  time  scales  of  Figs.  6(a)  and  6(b).  However,  the 
build-up  process  is  well  resolved  in  Fig.  6(c)  taken  on  a 
comparable  tune  scale  of  20  ns/division. 

IV.  DISCUSSION 

Under  the  conditions  of  the  present  experiment  the 

IdUerrSntor^  IS' t0""0110™6  m°leCU,C  reacti0"  *  con- 
h  0C  donunant  Proc«*  for  the  formation  of 

both  excited  and  ground  state  AgF  molecules 

Ag2  +  F2~AgF*(,<0+^'m,ani)4-AgF(A'  '2  +  ),  (4) 

A£-=  2lf0( Ag-F)  -  lfQ( Ag-Ag)  -  Zjg(F-F)  =4.04  eV. 

~  (5) 

t«ns  [Figs.  2(a)  and  2(b)].  The  AgF 

sllve/motec  7  J*  ‘he  reactioTof 

silver  molecules  Ag,  (x>3)  and  fluorine  atoms  7  a  nroce« 

which  we  consider  elsewhere.7  P 

the  ?ftitlUan  ”aj°^  h^t  SyS\CmS  observcd  w  this  study- 
the  A  (ll  A0\  and  B0*-X  '2  +  transitions-are  Hund’s 

case  (c)  allowed.  However,  as  Table  IV  summarizes,  they 
have  clearly  distinct  and  well-separated  radiative  lifetimes 
We  can  divide  the  four  low-lying  electronic  states  into 
three  classes,  i.e.  the  long-lived  A' ill  (7.1  /»)  and  trill 
(V.I  /is)  states,  the  intermediate  lifetime  A0+  (240  ns  I 
•"d  *»«  shor-Jived  JO*  ,2I  m)  mK.  w'™“! 
tempt  to  understand  this  lifetime  behavior  by  correlating 
th«e  states  to  (1 )  the  spin  characters  of  their  dominating 
Hujid  s  case  (a)  components  and  (2)  their  dissociation 

The  Cl  =  1  states  have  three  components  3n,  32,+n 

is***  r 

JS;  2  •  lon«  kf'time  of  the  A'CU  state  appar- 
y  indicates  that  the  tnplet  components  [very  likely^he 


estimated  the^^T" t*"8  eJeCtronic ’t*ta  of  «**°us  AgF.  The 

the  AgF  ground  state  (ReT 28).  *  thetmochem.cal  value  Z/ =  29  600*  1400  cm* 1  for 


af2  + 

oni 

af'Ol 

A0* 

B0* 

Repulsive 

(01) 


T. 

(cm'1) 

0 

(24  913)' 

24  950.71* 
29  2206 
31  663b 


Spin 

character 


1.927 

1.957(/jj) 

2.022(r0) 


Lifetime 

9.1  ±  3.34s 

7.1  ±  2.64s 
240  ±14  ns 

21  ±  1.2ns 


Dissociation 
wergy  D,  (cm- 

29  600 
(♦6«7) 

4  649 
784 
27  489 


Atomic  limits 


Ag  !F|/j  +  F  1P}/7 
Ag  2S\n  +  F  2P,„ 


"This  work. 

"Data  taken  from  Ref.  31. 
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n,  component  by  comparison  with  the  lifetimes  of  the 
low-lying  electronic  states  of  CuF  (Refs.  21,  22,  and  25)] 
dominate  this  state.  Thus,  the  transition  probability  for 
emission  terminating  in  the  ground  X  '2+  state  is  (inten¬ 
sity)  borrowed  from  the  'll  state.  Similarly,  a  dominant 
triplet  character  is  also  likely  for  the  aCl  1  state  with  its  long 
radiative  lifetime  (9.1  /rs)  and  weaker  transition  intensity. 
We  suggest  that  this  state  is  an  fl  =  1  state  by  process  of 
elimination.  Two  of  the  remaining  possible  transitions  0~ 
and  02— X  '2  +  are  strictly  forbidden  electric  dipole  tran¬ 
sitions  and  should  be  possessed  of  even  longer  radiative 
lifetimes  and  hence  a  much  weaker  emission  intensity.  For 
CuF ,  these  lifetimes  range  from  several  hundred  microsec¬ 
onds  to  milliseconds,  the  emission  being  1000  times  weaker 
than  the  Sll-X  'Z+  system. 2 1,22,25  A  remaining  possibility, 
the  assignment  to  a  0+  state,  is  readily  eliminated  by  con¬ 
sidering  atomic  asymptotic  limits. 

Ground  state  silver  and  fluorine  atoms  Ag  2,S,/2 
+  F 2 Pin  combine  to  generate  one  0+  (X  ‘Z+),  one  0“, 
two  0  =  1,  and  one  0=2  molecular  state,  whereas  the 
Ag  S]/2-)-F  2Pj/2  combination,  which  lies  400  cm  - 1  above 
the  ground  atomic  state,  yields  one  0+  (y<0+),  one  0~,  and 
only  one  0=1  state.  If  the  repulsive  Ol  state  assigned  by 
Barrow  and  Clements19  dissociates  diabatically  to  the  sec¬ 
ond  atomic  state  as  indicated  in  Fig.  2  of  Ref.  19,  the  newly 
observed  A '  and  a  states  can  only  dissociate  to  ground  state 
atoms  and  must  be  the  two  0=1  states  generated  by  this 
atomic  combination  (note  that  the  next  possible  neutral 
atomic  asymptote  Ag  2P 1/2 +F  lpv 2  «  located  approxi¬ 
mately  30  000  cm  above  the  ground  atomic  state  and  is 
thus  too  energetic  to  correlate  with  these  two  lowest-lying 
states).  If  the  repulsive  Ol  state  correlates  diabatically  to 
the  ground  state  atomic  limit  Ag  2S,/2+ F  2Pi/2,  the  A' Q.I 
state  must  diabatically  dissociate  to  the  second  atomic  limit 
Ag' 

$1/2  +F  2p  1/2  by  crossing  this  repulsive  potential.  This 
possibility,  which  seems  highly  unlikely,  would  appear  to 
be  eliminated  by  the  avoided  crossing  rule.  The  repulsive 
01  state  and  the  A' (l l  state  will  adiabatically  correlate  to 
the  same  dissociation  limits  rather  than  undergo  a  curve 
crossing.  Figure  7  illustrates  correlation  diagrams  between 
the  low-lying  molecular  states  of  silver  fluoride  and  their 
corresponding  atomic  asymptotes,  as  proposed  above  and 
considered  by  other  workers.19  The  values  of  D,  for  AgF 
are  based  on  the  thermochemical  value  23° =29  600  ±  1400 
cm-1.2®  Note  that  the  transitions  A'(l  1,  aftl-;r12+  also 
involve  no  change  in  angular  momentum  or  electron  con¬ 
figuration  for  the  atoms,  which  must  account,  at  least  in 
part,  for  the  long  lifetimes  of  these  two  states. 

The  A0+  state  has  an  intermediate  lifetime  of  240  ns, 
which,  on  the  one  hand,  suggests  possible  singlet  character 
(  ^+)  upon  comparison  with  the  known  transitions  for 
CuF.21,22,25  However,  this  lifetime  is  certainly  longer  than 
that  associated  with  a  typical  allowed  singlet-singlet  tran¬ 
sition  for  diatomic  molecules  [e.g.,  12  ns  for  the  A  'l+- 
X  '2/  system  of  Na2  (Refs.  29  and  30)].  The  observed 
lifetime  for  the  A0+  state  might  be  explained  by  noting  that 
Jhe  A0+-X  '2+  system  corresponds  to  a  weak  p-p  (A/ 
=0)  F  atom  transition  as  indicated  in  Fig.  7.  Using  a 
similar  argument,  the  short  lifetime  of  the  B0+  state  (21 
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FIG.  7.  Correlation  diagram  for  the  low-lying  molecular  states  and  the 
corresponding  atomic  asymptotic  limits  of  the  AgF  system. 


ns)  can  be  readily  understood  from  ( 1 )  its  singlet  charac¬ 
ter  (’2+)  and  (2)  the  strongly  allowed  p-s  (A/=l)  tran¬ 
sition  in  atomic  Ag.  In  summary,  Table  IV  lists  the  T,  s 
and  r/s,  spin  character,  measured  lifetimes,  dissociation 
energies,  and  proposed  dissociation  limits  for  the  four  low- 
lying  electronic  states  of  AgF. 

Although  copper  and  silver  fluoride  are  isoelectronic, 
the  five  observed  low-lying  states  of  CuF  lie  at  considerably 
lower  energies  (-14  500-22  800  cm'1)  than  even  the 
newly  observed  A’Ol  and  am  states  of  AgF.  Further¬ 
more,  the  radiative  lifetimes  of  the  low-lying  CuF  states 
considerably  exceed  those  of  AgF.  We  suggest  that  these 
differences  may  be  attributed  to  a  significantly  different 
molecular  electronic  structure  for  these  isoelectronic  di¬ 
atomics. 

Using  ab  initio  calculations  as  a  guide,  Dufour  et  aL23 
have  developed  a  consistent  model  to  account  for  the  ob¬ 
served  behavior  of  the  CuF  excited  states  assigning  them  to 
a  single  structure  Cu+  (3^4r)  F"  (2 p6)  with  the  manifold 
of  observed  emissions  resulting  from  transitions  between 
the  states  resulting  from  this  structure  and  the  closed  shell, 
Cu+  (3d10)  F  (2 p6),  X  1Z+  ground  state  ion  pair.  The 
relatively  long-lived  CuF  transitions  are  thought  to  corre¬ 
spond  to  electric  dipole  forbidden  3d-4s  electron  transfers 
in  the  Cu+  atomic  limit. 

The  situation  in  AgF  is  clearly  different.  This  might  be 
explained  by  considering  the  distinctly  different  energy 
level  patterns  for  the  copper  and  silver  atoms  and  their  ions 
as  catalogued  in  Table  V.  We  note  that  the  lowest  energy 
atomic  transitions  in  silver  ( 1 )  lie  at  considerably  higher 
energy  than  those  in  atomic  copper  and  (2)  involve  an 
allowed  p—s  electron  transfer  vs  the  Cu  forbidden  d->s 
transition.  Furthermore,  although  the  lowest  energy  ex¬ 
cited  states  in  Cu+  and  Ag+  are  both  3D  and  the  lowest 
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TABLE  V.  The  lowest  electronic  configurations  and  the  corresponding 
energies  of  Cu  and  Ag  atoms  and  Cu  *  and  Ag  *  ions.  All  dau  are  taken 
from  Ref.  32. 


Cu  atom 

Ag  atom 

Electron 

configuration 

J 

Energy 

(cm-1) 

Electron 

configuration 

J 

Energy 

(cm'1) 

3dl04r  ;5 

1/2 

0.0 

4dl05r  :S 

1/2 

0.0 

lifts1 1 D 

5/2 

1 1  202.565 

td]05p  2P> 

1/2 

29  552.05 

3/2 

13  245.423 

3/2 

30472.71 

3d,0tp  1P> 

1/2 

30  535.302 

4d,5r  2  D 

5/2 

30  242.26 

3/2 

30  783.686 

3/2 

34  714.16 

Cu*  ion 

Ag*  ion 

Electron 

configuration  J 

Energy 

(cm'1) 

Electron 

configuration 

J 

Energy 

(cm-') 

3d10  'S  0 

0.0 

4d10  '5 

0 

0.0 

lifts  }D  3 

21  928.60 

tifls  lD 

3 

39  163.9 

2 

22  847.03 

2 

40  741.0 

1 

23  998.31 

1 

43  738.7 

energy  atomic  emissions  in  both  ions  correspond  to  electric 
dipole  forbidden  d-s  transitions,  these  states  lie  at  signifi¬ 
cantly  higher  energy  for  the  silver  ion,  making  correlation 
with  the  low-lying  molecular  states  of  AgF  tenuous  in  an 
ionic  model. 

The  combination  of  data  in  Table  V,  in  fact,  favors  a 
model  correlated  more  closely  with  the  neutral  silver 
atomic  limits  which  we  have  considered  in  our  previous 
discussion.  In  order  to  construct  the  correlation  diagram  of 
Fig.  7,  we  take  the  AgF  bond  energy  to  be  29  600  ±  1400 
cm-  ',28  With  this  energy  increment,  we  estimate  Dt  for  the 
X  'Z+  state  as  —29  600  cm-1,  for  the  afl  1  state  as  —4687 
cm-1,  and  for  the  A'Cll  state  as  —4649  cm-1  as  they 
dissociate  to  ground  state  silver  and  fluorine  atoms.  We 
estimate  the  A0+  state  to  be  stable  by  only  —784  cm-1  as 
it  dissociates  to  Ag  2S|/2+F  2F1/2  at  30  004  cm-1.  The 
B0+  state  whose  short  radiative  lifetime  signals  its  corre¬ 
lation  with  Ag  2PU 2  is,  of  course,  predissociated. 

V.  CONCLUSION 

We  have  observed  the  optical  signatures  for  two  low- 
lying  ft=l  states  A  'HI  and  aftl  of  AgF  which  dissociate 
to  ground  state  atoms  and  lie  about  4300  cm-1  below  the 
previously  known  lowest  excited  A0+  state.  The  measured 
radiative  lifetimes  reveal  that  the  two  ft  =  1  states  are  of 
triplet  character,  while  the  two  0+  states  A0+  and  B0+  are 
singlet.  It  appears  that  all  of  the  observed  low-lying  elec¬ 
tronic  states  of  AgF  dissociate  adiabatically  to  neutral  at¬ 
oms  in  contrast  to  the  ion-pair  dissociation  attributed  to 
the  low-lying  states  of  CuF.  The  observation  of  the  two 
ft  =  1  states  suggests  the  probable  existence  of  the  similar 
stable  low-lying  electronic  states  for  the  remaining  silver 
halides.  The  long-lived  A'tl\  state  is  also  important  be¬ 
cause  of  its  suitability  as  an  intermediate  state  for  studies  of 
high-lying  electronic  states  and  photoionization  using  mul¬ 
tiple  resonance  laser  excitation. 


Note  added  in  proof.  On  the  electronic  assignment  of 
the  low-lying  a  state,  we  emphasize  that  it  is  almost  im¬ 
possible,  at  this  time,  to  make  an  unambiguous  electronic 
assignment  for  the  weak  a  state  because  of  the  lack  of 
either  well  resolved  rotational  structure  for  the  a-X  ‘2  + 
bands  or  ab  initio  calculations  of  the  radiative  lifetimes  for 
the  low-lying  electronic  states  of  AgF.  We  have  contem¬ 
plated  that  the  ,4'ftl  and  this  a  states  might  be  the  ft  =  1 
and  ft=0-  components  of  a  Hund’s  case  (a)  32+  state 
which  correlates  with  the  a  31+  state  observed  in  CuF.20 
However,  we  are  troubled  by  the  fact  that  ( 1 )  the  A  '-a 
separation  in  AgF  (  —  38  cm-1)  is  so  similar  to  the  sepa¬ 
ration  of  the  ft=l  and  0“  components  in  CuF  (43.5 
cm"1),20  and  (2)  that  the  radiative  lifetime  of  the  a  state  is 
virtually  the  same  as  that  of  the  /1’ftl  state.  For  those 
reasons,  we  tentatively  suggest  that  this  weak  a  state  be  an 
ft  =  1  state  by  process  of  elimination  as  described  in  the 
paper  and  do  not  rule  out  the  possibility  that  this  state 
might  be  assigned  to  another  possible  electronic  symmetry. 
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A  Chemiluminescent  and  Laser-Induced  Fluorescent  Probe  of  a 
New  Low-Lying  A  'Q  =  1  State  of  Gaseous  AgF 

He  Wang  and  James  L.  Gole 

School  of  Physics.  Georgia  Institute  of  Technology.  Atlanta.  Georgia  30332 

A  new  A'  I  (I)  =  1 )  state  of  AgF  at  the  fringes  of  the  visible  region  has  been  excited  and 
analyzed.  The  chemiluminescence  from  this  state,  which  is  located  —4300  cm'1  below  the  pre¬ 
viously  known  lowest  excited  A  0*  state,  is  observed  for  the  first  time  in  a  beam-gas  reaction 
where  silver  molecules,  Ag,,  are  reacted  with  either  atomic  or  molecular  fluorine.  Using  pulsed 
laser-induced  fluorescence,  two  vibrational  bands  (ti',  t>')  =  (0, 0)  and  ( 1, 0)  have  been  rotationally 
resolved  and  electronic  and  rotational  assignments  have  been  obtained.  Molecular  constants  which 
can  reproduce  the  observed  data  with  a  standard  deviation  of  0. 1  cm'1 ,  the  RKR  potential  energy 
curve,  and  the  Franck-Condon  factors  for  the  A '  1  -X 1 2  +  transition  have  been  determined.  The 
internal  energy  distributions  of  the  reaction  product  AgF  molecules  are  studied  by  vibrational 
intensity  analysis  and  rotational  simulation  calculations.  The  possible  reaction  paths  to  produce 
the  excited  A '  state  from  either  the  four-center  Afc  +  F2  or  Ag,  (x  *  3 )  +  F  reactions  and  the 
formation  of  ground  state  AgF  molecules  are  discussed  through  consideration  of  reactant-product 
correlations  and  energetics.  The  dissociation  energy  of  the  newly  observed  A'  1  state  is  4649  ± 
1400  cm'1 .  The  observation  of  this  low-lying  II  =  1  state  indicates  the  existence  of  similar  stable 
Q  =  1  states  for  the  remaining  silver  halides,  all  of  which  should  readily  absorb  visible  photons. 
Their  existence,  which  may  have  implications  for  the  detailed  understanding  of  the  photographic 
process,  provides  intermediate  states  for  multiple-resonance  laser  excitation  and  multiphoton 
laser  ionization.  C  l»93  Academic  Pim,  Inc. 


INTRODUCTION 

The  study  of  the  highly  exothermic  kinetically  controlled  oxidation  of  metal  mol¬ 
ecules  not  only  provides  a  means  to  extrapolate  and  modify  concepts  which  govern 
simple  A  +  BC  reactive  encounters  ( 1-3),  but  also,  through  a  unique  reactive  branch¬ 
ing,  facilitates  the  formation  of  previously  inaccessible  reaction  products.  The  analyzed 
quantum  level  structure  of  the  product  metal-based  oxides  and  halides  formed  in 
highly  exothermic  oxidation  processes  can  provide  useful  information  on  molecular 
structure  and  bonding  (4-6)  especially  when  detailed  chemiluminescent  (CL)  studies 
can  be  used  to  pinpoint  regions  which  will  be  accessible  to  a  laser-induced  fluorescent 
(LIF)  probe. 

In  developing  such  studies,  we  have  observed  particularly  intriguing  groups  of  metal 
cluster  oxidations.  For  example,  the  sodium  trimer-halogen  atom  reactive  interactions 
signal  a  surprising  chemistry  ( 7-9)  as  the  high  cross  section  Na„  (n  =  2,  3)-X  (Cl, 
Br,  I)  encounters  create  a  continuous  electronic  population  inversion  based  on  the 
chemical  pumping  of  sodium  dimer  (Naz).  While  this  unusual  reactive  behavior  has 
potential  for  extension  to  other  alkali  trimers,  we  also  realize  that  the  Group  IB  dimers 
and  trimers  constitute  direct  analogs  of  the  alkali  systems,  suggesting  that  additional 
insight  might  be  gained  through  the  study  of  the  Ag„-AT  oxidation  reactions.  Further, 
the  oxidation  behavior  of  small  silver  agglomerates  is  of  significance  in  both  the  pho¬ 
tographic  process  (10)  and  catalysis  (11). 
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Recently,  Devore  el  al.(6)  have  reported  and  analyzed  the  chemiluminescent  emis¬ 
sion  from  silver  cluster-ozone  reactions,  correlating  a  portion  of  these  emissions  with 
AgA0  (x  >  2)  emitters.  Here,  we  report  an  experimental  study  of  the  silver  vapor- 
fluorine  reaction  system.  We  have  obtained  the  first  evidence  for  a  stable  Q  =  1  state 
of  the  gaseous  silver  monohalide  AgF,  which  lies  4300  cm'1  below  the  previously 
known  lowest  excited  A  0*  state.  The  band  system  associated  with  the  A'  l-.f'S  * 
transition  has  been  studied  using  a  combination  of  CL  anJ  LIF  spectroscopy. 

Spectroscopic  studies  of  the  silver  monohalides.  Ag.V  (A"  =  F,  Cl.  Br).  have  a  long, 
albeit  limited,  history  ( 12-17).  The  halide  ground  states  are  highly  ionic,  with  AgCI 
and  AgBr  respectively  52  (18)  and  46%  ( 19)  ionic  character,  and  the  AgF  ground 
state  dipole  moment  determined  to  be  6.22  D  (20).  The  heavy  halides  follow  primarily 
Hund's  case  (c)  coupling.  The  ground  state  of  AgF  dissociates  to  Ag  2S| /2  +  F  :P3  : 
ground  state  atoms  whose  combination  generates  five  molecular  states.  O'.  O'.  1.  1. 
and  2.  At  slightly  higher  energy  the  Ag  2Si/2  +  F  2P,/2  atoms  can  combine  to  yield 
0  +  ,  0",  and  1  states.  From  the  manifold  of  states  resulting  from  these  two  atomic 
combinations,  only  the  A  0*  (2S)/2  +  2Pl/2)  and  A'12+  ( 2Si /2  +  2p3/2)  states  had  been 
identified  before  the  current  study.  Joshi  and  Sharma  (21)  first  reported  the  near  UV 
absorption  spectrum  of  the  AgF  B  0 + - X 1 2  +  system.  They  also  reported  the  observation 
of  some  features  due  to  the  A  0+-A't2+  transition.  Barrow  and  Clements  (22.  23) 
carried  out  a  rotational  analysis  of  these  two  ultraviolet  systems  and  Hoeft  et  al. 
studied  the  rotational  spectrum  of  the  AgF  ground  state  using  microwave  absorption 
(20).  Until  the  present  study  no  visible  absorption  spectrum  and  no  transition  involving 
a  stable  fi  =  1  state  has  been  reported  for  the  silver  halides. 

EXPERIMENTAL  DETAILS 

Both  chemiluminescence  and  pulsed  laser-induced  fluorescence  were  generated  un¬ 
der  multiple-collision  conditions  as  a  stream  of  silver  entrained  in  helium  was  inter¬ 
sected  by  molecular  or  atomic  fluorine.  The  overall  experimental  configuration  is 
depicted  schematically  in  Fig.  1 .  The  entrainment  flow  device  used  in  this  study  has 
been  described  previously  (2).  Briefly,  silver  metal  was  heated  in  a  specially  designed 
graphite  crucible  to  temperatures  in  the  range  of  1 600  K.  The  silver,  emanating  from 
the  crucible,  was  entrained  in  a  flow  of  helium  gas  at  a  total  pressure  of  1  Torr.  For 
those  experiments  employing  molecular  fluorine,  fluorine  gas  was  introduced  into  the 
entrained  silver  flow  through  a  concentric  ring  inlet  located  ~  1  cm  above  the  crucible. 
For  those  experiments  which  used  atomic  fluorine  as  an  oxidant,  fluorine  atoms  were 
formed  by  electric  discharge  through  SF6  and  used  in  a  manner  previously  applied  to 
studies  of  the  Bi2  +  F  (24)  and  Mg*  -I-  F  (25)  reactive  systems.  Entrained  fluorine 
atoms  exited  a  directed-flow  channel  perpendicular  to  the  direction  of  the  entrained 
silver  and  about  1.5  cm  above  the  silver  source  crucible.  For  both  the  fluorine  atom 
and  the  fluorine  molecule  oxidation  studies  a  chemiluminescent  flame  was  generated 
in  the  reaction  zone.  However,  this  flame  was  considerably  more  intense  for  the  fluorine 
molecule-based  reactive  encounters.  The  chemiluminescence  from  the  reaction  zone 
was  observed  at  right  angles  to  the  reactant  flows  using  a  0.75-m  Spex  1702  mono¬ 
chromator  operated  in  first  order  with  a  1200  groove/ mm  grating  blazed  at  500  nm 
and  an  RCA  1 P28  photomultiplier.  The  PMT  signal  was  fed  to  a  Keithley  4 1 7  autoscale 
picoammeter  and  recorded  with  a  computer. 

The  pulsed  LIF  studies  were  performed  employing  only  the  fluorine  molecule-based 
reactions.  The  second  harmonic  of  a  Quanta-ray  Nd:YAG  laser  (0.53  ti)  was  used  to 
pump  a  Spectra  Physics  PDL-3  pulsed  tunable  dye  laser  system  operated  with  DCM 
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Fig.  I  Experimental  setup  for  chemiluminescence  and  laser-induced  fluorescence  spectroscope 


dye.  The  output  of  the  pulsed  dye  laser  (with  a  linewidth  of  0.07  cm'1  and  a  pulse 
width  of  9  nses)  was  then  mixed  with  the  fundamental  output  of  the  YAG  laser  in  a 
frequency  mixer  (Quanta-Ray  WEX-1 )  to  produce  the  near-UV  coherent  radiation 
which  was  introduced  to  the  reaction  chamber  in  a  direction  perpendicular  to  the 
reactant  flow.  The  Y AG  laser  was  triggered  by  a  digital  pulse  generator  ( SRS  DG535  ) 
with  a  repetition  rate  of  1 5  Hz.  The  Q-switching  signal  of  the  YAG  oscillator  was  used 
to  trigger  a  Boxcar  integrator  (SRS  SR250)  for  better  synchronization.  The  pulsed 
laser-induced  fluorescence  was  collected  with  a  IP28  photomultiplier  (2.2  nsec  rise 
time)  and  sent  to  the  gated  integrator  through  a  fast  preamplifier  (CLC  100  Video 
Amplifier.  500  MHz ).  The  integration  gate  was  set  to  a  width  of  300  nsec  with  a  time 
delay  such  that  the  gate  opens  just  after  the  short  laser  scattering  pulse,  thus  reducing 
background  noise.  A  computer  drives  the  laser  stepper  motor,  scans  the  dye  laser,  and 
acquires  the  averaged  output  data  from  the  Boxcar  synchronously .  In  order  to  achieve 
a  linear  scan  in  wavelength  with  the  frequency  mixer,  the  scan  step  size  of  the  dye 
laser  was  calculated  in  real  time  using  the  PC.  The  output  frequency  of  the  WEX-1 
was  calibrated  using  aluminum  atomic  lines. 

RESULTS  AND  ANALYSIS 

Chemiluminescent  spectra  characterizing  the  entrained  silver-fluorine  atom  and 
silver-fluorine  molecule  reactive  encounters  are  depicted  in  Figs.  2a  and  2b.  respec¬ 
tively.  The  chemiluminescence  from  the  fluorine  atom-based  system  is  considerably 
weaker  than  that  obtained  in  the  fluorine  molecule  reactive  environment.  It  appears 
that  the  available  energy  corresponding  to  those  processes  which  involve  fluorine  mol¬ 
ecule  reactions  exceeds  the  energy  available  from  the  fluorine  atom  system.  This  sug- 


THE  -I  !!  =  I  STATE  OF  AgF 


31 


AgF  A'  1  -X'1* 

II 


AgFA0*-X'r(0,0)BAND 


3400  3700  4000  4300 


c) 


M 
1 1 


3400  3700  4CC0  4300 

WAVELENGTH  (ANGSTROMS) 


Fig.  2.  (a (Chemiluminescence  spectrum  from  the  fluorine  molecule-based  reactive  system  at  a  resolution 
of  5  A.  (b)  Chemiluminescence  spectrum  from  the  fluorine  atom-based  reactive  system  at  a  resolution  of  5 
A.  (c)  The  dispersed  fluorescence  induced  by  laser  pumping  at  the  P  head  of  the  A'  l-.V'S*  (0.  0)  band  of 
AgF. 


gests  the  possibility  of  multicentered  fluorine  molecule-silver  molecule  reaction  dy¬ 
namics  which  produces  two  metal  fluoride  molecules.  The  situation,  which  is  also 
apparent  in  several  metal  molecule-based  oxidative  environments,  certainly  represents 
a  departure  from  A  +  BC  reaction  dynamics  ( 1-6).  The  peak  at  342  nm.  present  only 
when  fluorine  molecules  are  used  as  reactants,  is  readily  identified  as  the  (t>\  v")  = 
(0, 0)  band  of  the  A  0+-A'  !2  +  transition  of  AgF.  However,  the  spectrum  is  dominated 
by  an  intense  vibrationally  resolved  structure  around  400  nm  observed  for  the  first 
time  in  these  silver-fluorine-based  reactive  systems.  The  CL  signals  associated  with 
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h,s  newly  observed  structure  correlate  with  both  the  silver  vapor  concentration  and 
the  fluorine  gas  pressure.  Table  I  catalogs  the  peak  separations  from  the  strongest  CL 
peak  to  longer  wavelengths.  These  separations  agree  well,  within  experimental  error 
with  the  known  vibrational  separations  for  the  ground  X  'I  *  state  of  urAeF  given  bv 
Barrow  and  Clements  <2J).  Based  on  this  comparison,  we  can  tentative*  -  attribute 
the  observed  structure  to  a  transition  of  the  AgF  molecule  originating  from  a  newlv 
observed  electronic  state.  We  use  LIF  to  identify  the  newly  monitored  electromcallv 

S  t“h"  ‘  St3te  ( LIF  t0  thC  gr°und  '  “  *  state  >  The  vibrational  assignment 
as  listed  in  Table  I  (note  also  Fig.  2a).  can  also  be  readily  obtained  and  further  con- 
rmed  by  dispersed  laser-induced  fluorescence  as  exemplified  in  Fig  2c 
Figures  3a  and  3b  present  representative  rotationallv  resolved  LIF~  spectra  corre¬ 
sponding  to  the  (C.  O  =  (0.  0)  and  ( I.  0)  bands,  respectively.  The(tV)  =  P  . , 

st^LTe'oft^nTt1  ^  deP‘CJed  ^  Fig'  3b-  TW°  dCtailed  scans  of  the  rotational 
tvmcll  hl.l  H  h  h  3re  m  FigS'  43  and  4b-  The  national  spectra  show 

th*  th  b  d  graded  r°tatl0nal  Professions  with  clear  P  heads  to  the  red.  indicating 
the  upper  state  has  a  larger  rotational  constant.  Bv ,  than  does  the  lower  state 
Two  rotational  branches  (R  and  Q)  have  been  identified  from  the  blue  degraded 
™3|'0na  structure  as  labeled  in  Figs.  3  and  4.  The  apparent  intensitv  anomalies  are 
attributed  to  the  superposition  of  the  R  branch  and  the  Q  branch.  This  argument  is 
proved  with  a  simulation  calculation  described  below.  The  observed  P  head  positions 
are  listed  in  Table  II.  Figure  2c  depicts  the  dispersed  fluorescence  induced  bv  laser 

5~l  mhKadH°f  ll!e  L’”)  =  (0-  0)  band-  The  apparent  disappearance  of 
the  ( t,  t;  )  -  (  i  o )  band,  which  is  otherwise  clearly  seen  in  the  CL  emission  spectrum 
(Mgs.  _a  and  2b).  confirms  our  vibrational  assignment. 

The  electronic  assignment  has  been  made  by  considering  the  rotational  transition 
patterns.  In  Hund  s  case  (c),  we  have  the  electronic  selection  rule  Ml  =  0  ±1  since 
A  and  2  are  no  longer  good  quantum  numbers.  Furthermore,  case  (c)  coupling  mav 
regarded  as  case  ( a )  coupling  with  very  large  multiplet  splittings,  the  band  structures 
in  casejc)  being  quite  similar  to  those  in  case  (a).  That  is,  transitions  with  fl  =  0  and 

“  I  o  ?  ar!iSom,iar|t0fJ'  '2  trans‘l'ons  ( with  R  and  ^branches),  and  transitions 
with  il  -  1  and  ft  -  1,  Q"  =  0  are  similar  to  ‘n-'2  transitions  (with  R.  Q ,  and  P 

branches)  (26).  Based  on  the  above  arguments,  our  newlv  observed  electronic  state 
can  be  assigned  as  a  fl  =  1  state  without  ambiguity.  To  match  the  previous  nomen¬ 
clature,  we  will  call  this  newly  observed  state  the  A'  1  state. 


table  i 


Vibrational  Separations  of  the  Ground  A- 'I*  State  of  AgF  Observed  by  Chem.lum.nescence 
and  Laser-Induced  Fluorescence 


0 

1 

2 

3 

4 


AGRef.  23 
(cm1) 

508.26  ±  0.04 
503.08  ±  0.04 
497.89  ±  0.04 


AGobt.  by  CL 
(cm-1) 

509.6  ±  6 

500.7  ±  6 
491.6  ±  6 
485.5  ±  6 


AGobs.  by  LIF 

(cm-1) 


508.14  ±  0.1 
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Fig.  3.  Pulsed  laser-induced  fluorescence  spectra  of  the  A'  l-T'2'  system  of  AgF.  (a)  (v\  v’)  =  (0.  0) 
band  and  (b)  (v',  v’)  =  ( I.  0)  band.  The  intensity  anomalies  are  due  to  the  superposition  of  the  tf-branch 
and  the  ^-branch  peaks. 


The  rotational  assignment  for  the  R,  P,  and  Q  branches  was  easily  determined 
using  the  following  equations  and  the  previously  known  ground  state  rotational  con¬ 
stants  given  in  Ref.  (23): 


"*  =  "o  +  (B'v  +  B"v)(J+  l)  +  (B'v- B:)(J+  l)2  J>  0. 
"<?  =  *o  +  ( B'v  -  B’V)J  +  ( B'v  -  B%)J 2  J  >  1. 

vP=v0-(B'v  +  B"V)J  +  (B'v  -  B:)J2  J>  2, 


(1) 

(2) 

(3) 
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Fig.  4.  Two  detailed  LIF  scans  (laser  scan  step  size.  0.01  cm"' )  for  the  R  and  Q  branches  of  the  ( i,  i") 
=  ( 0.  0 )  band  of  AgF. 


where  vR,  vQ,  and  v^are  the  peak  positions  of  the  R,  Q,  and  P  branches,  respectively. 
J  is  the  lower  state  rotational  quantum  number,  and  B[  and  B"  are  the  rotational 
constants  for  the  upper  and  the  lower  state.  The  centers  of  the  deep  valleys  near  the 
P  heads  in  Figs.  3a  and  3b  are  very  good  approximations  of  the  band  origins  .  With 
the  vibrational  and  rotational  assignments  and  the  ground  state  molecular  constants 
of  107 AgF  given  by  Barrow  and  Clements  {23),  a  total  of  7 1  well  resolved  R  and  Q 
lines  have  been  fit  to  the  well-known  Dunham  formula  (27) 

T{v,  J)  =  2  YJk{v+  1/2 V[J(J  +  1)-  1]*.  (4) 

where  T(  v,  J)  are  the  vibronic  energy  levels  and  Yjk  are  the  Dunham  coefficients. 
Tables  III.  IV,  and  V  tabulate  the  observed  and  the  calculated  spectral  lines  and  the 
differences  between  them  for  the  R  and  Q  branches  of  the  ( v\  v")  =  (0.  0)  band  and 
the  R  branch  of  the  <v’,  t>")  =  ( 1,  0)  band,  respectively.  Table  VI  gives  the  molecular 
constants  for  the  newly  observed  A  ’  1  state  of 107 AgF  and  109 AgF.  The  constants  listed 
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(v',v“) 

P  Head 

X(k) 

(0,0) 

4007.76 

(0,1) 

4090.90 

(1.0) 

3927.81 

(2,1) 

3930.82 

TABLE  III 

Observed  and  Calculated  /{-Branch  Vibronic  Transitions  for  the  ( c’.  c")  =  (0.  0)  Band 
of  the  A'  1-T'I*  System  of  ,07AgF 


Assignment 

R(J) 

(cm*1) 

AV  (cm*1 ) 

j 

Observed 

Calculated 

Obs  -  Cal 

15 

24960.234 

24960.165 

0.069 

16 

24961.168 

24961.192 

-0.024 

17 

24962.356 

24962.249 

0.107 

18 

24963.352 

24963.335 

0.017 

23 

24969.148 

24969.210 

-0.062 

24 

24970.522 

24970.475 

0.047 

25 

24971.772 

24971.769 

0.003 

26 

24973.080 

24973.093 

-0.013 

27 

24974  389 

24974  447 

-0  058 

28 

24975.699 

24975.830 

-0.131 

30 

24978.570 

24978.687 

-0.117 

32 

24981.502 

24981.662 

-0.160 

33 

24983.127 

24983.195 

-0.068 

34 

24984.813 

24984.757 

0.057 

35 

24986.500 

24986.348 

0.152 

36 

24988.121 

24987.969 

0.152 

37 

24989.744 

24989.619 

0.125 

38 

24991.367 

24991.299 

0.068 

39 

24992.930 

24993.007 

-0.077 

41 

24996.367 

24996.511 

-0.144 

42 

24998.242 

24998.306 

-0.064 

44 

25001.992 

25001.981 

0.011 

45 

25003.869 

25003.860 

0.009 

46 

25005.744 

25005.766 

-0.022 

48 

25009.813 

25009.661 

0.152 

49 

2501  1.688 

25011.649 

0.039 

50 

25013.879 

25013.662 

0.217 

51 

25015.756 

25015.701 

0.055 

52 

25017.949 

25017.766 

0.183 

53 

25019.826 

25019.855 

-0.029 
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table  iv 


of  the  A  l-.V'I*  System  of  l0’AgF 


Q(1 )  (cm-1) 

Observed 

24961  418 


Assignment 
_ l 

30 

31 

32 

39 

40 

41 

42 

43 

44 

47 

48 

49 
JO 
S3 
34 
JJ 

56 

57 
6! 

62 

63 

64 

67 

68  _ 


24962.356 
24963  352 
24970  522 
24971.772 

24973  080 

24974  389 
24975.699 
24977.010 
24981.066 
24982.502 
24983.940 
24985.313 
24989.744 
24991.367 
24992  930 
24994  492 
24996  367 
25002  932 
25004  807 
25006  369 
25008  248 
25013.879 
25015  756 


CalculllnH 
24961  391 
24962.308 
24963  255 
24970.718 
24971  903 
24973.1  16 
24974.359 
24975.631 
24976  931 
24981.001 
24982.413 
24983  853 
24985.319 
24989  875 
24991  445 
24993.038 
24994  656 
24996.297 

25003  080 

25004  827 
25006  592 
25008  375 
25013  819 
25015.667 


Av  (ctn'I) 
Obs  ■  Til 

0.027 
0.048 
0  097 
-0.196 
-0  131 
-0.036 
0  030 
0.068 
0.079 
0  065 
0  089 
0.087 
-0  006 
-0  131 
-0  078 
-0  108 
-0  164 
0  070 
-0.148 
-0  020 
-0.223 
-0.127 
0.060 
0  094 


-  — ww  *  *  van 


a  standard  deviation  of  0  Urn  '  ^ZXTtT'.f-  and  with 

olutton.  no  0-type  doubling  has  £££££*  "JJ?* «■*?!"«■> 

splittings  of  the  R  and  Q  branches  for  the  ( The  ,sotope 
from  the  molecular  constants  Riven  in  Tahl/vi  ir  l°  band  have  been  estimated 
(for  Ihe  X  'I-  ground  stie,  and  nloLn  r  '  h'  A  1  SUte)  a"“  Rrf  <  W 
isotope  shift  has  been  £££  *  f',nC"°n  °f  7  in  5-  The  elecironic 

tional  spectral  lines  which  we  have  observed PRroxlmaIlon-  Apparently,  for  the  rota- 
brationai  band  are  too  small  to  be  resolved  unri'  IS°lOPe  Sp!,tt,ngs  for  the  lowest  vi- 
is  due  primarily  to  the  similarity  of  the  v  h  r  ?UF  expenmental  conditions.  This 
upper  and  the  lower  sta  «  U  "ai  '  ob ?  '  ““  r0tati°na'  COnstants  the 

};'  -7  -  0)  band  is  the 

increasing  isotope  splittings  for  higher  excited  state  vLii!  !  '  }  "d  due  t0  the 
A  comparison  between  the  CL  soectrum  th*  r  re  b  t,onal  9uantum  levels, 
ulation  of  the  A’  (v’v’)  =  (no\h  a  -  Spectrum'  and  a  computer  sim- 

simulation  was  carried  out  assuminR  a  Bol  *!  Sh°W?  !”  F‘g'  6'  The  rotational 

assuming  a  Boltzman  rotational  distribution  ( T  =  495  K) 
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TABLE  V 

Observed  and  Calculated  /^-Branch  Vibronic  Transitions  for  the  ( v'.  i  ")  =  ( !.  0)  Band 
of  the  A'  l-.V  'I*  System  of  l0AgF 


Assignment 

R(J> 

(cm-1) 

AV  (cm*1 ) 

j 

Observed 

Calculated 

Obs.  -  Cal 

14 

25465.174 

25464.945 

0.229 

15 

25466.082 

25465.813 

0.269 

16 

25466.731 

25466.702 

0.029 

17 

25467.770 

25467.613 

0.157 

18 

25468.549 

25468.546 

0.003 

19 

25469.457 

25469.500 

-0.043 

21 

25471.402 

25471.473 

-0.071 

22 

25472.441 

25472.492 

-0.051 

23 

25473.350 

25473.532 

-0.182 

28 

25479.193 

25479.060 

0.133 

29 

25480.232 

25480.231 

0.001 

30 

25481.531 

25481.423 

0.108 

31 

25482.699 

25482.637 

0.062 

32 

25483.740 

25483.873 

-0.133 

33 

25484.908 

25485.130 

-0.222 

34 

25486.338 

25486.409 

-0.071 

35 

25487.768 

25487.710 

-0.058 

for  the  ground  state  and  the  l-'2+  transition  pattern  (with  R ,  Q.  and  P  branches). 
The  molecular  constants  for  107 AgF  given  in  Table  VI  were  used  and  no  isotope  effect 
was  taken  into  account  in  the  calculation.  The  agreement  of  the  intensity  patterns  for 
the  simulation  and  the  LIF  spectrum  further  confirms  our  electronic  assignment  to 


TABLE  VI 

Dunham  Coefficients  for  the  A'  I  State  of 107 AgF 


Yik 

107AgF 

l°9AeF* 

Tc 

24950.71(10) 

24950.71(10) 

Y,o  (aG1/2> 

506.744(80) 

506.041 

Y01  (Be) 

0.28132(15) 

0.28054 

Y it  ("<*e) 

-0.4044(89)xl0'2 

-0.4027xl0'2 

Y02(-De) 

-0.116(60)xl0'6 

-O.llSxlO'6 

Y03  (He) 

-0.403(83)xl0'10 

-0.400x10' 10 

Re(A) 

1.927 

1.927 

Note.  All  numbers  are  in  cm'1  except  for  R,  The  numbers  in  parentheses  are  I  a  uncertainties. 

*  The  following  formulas  are  used:  B'c  =  p2Bt,  a't  =  p’at.  D'e  =  p‘Dc.  H‘x  =  p6F/e,  u>i  =  pue,  ui‘,X'e  = 
p2utxe,  p2  =  m/p1,  where  p  and  p‘  are  the  reduced  masses  of  the  two  isotopes.  For  107 AgF  and  l0,AgF  p  = 
1.00139. 
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Fig  ^5.  Isotope  splittings  of  the  spectra!  lines  of  the. ■!'  I- A"  'I '  (0  0 )  band  of '“’AeFanrl  l0,i„r  ,  ,  . 

from  the  constants  given  in  Table  VI  and  Ref.  (23).  AgFand  AgF calculated 


me  newly  observed  A' 


di/d  i  state.  From  the  Dunham  coefficients  given  in  Table  VI  an 

fouLTl"  A3' '"system  h"  ^  * ,  ‘  Stale  3"d  he"Ce  the  Fra"ck-Condon  factors 
or  the  .-1  1-A  system  have  been  calculated.  Table  VII  tabulates  the  RKR  potential 

FCFs  andthe  CL  ^  ’  ‘"f”?  'he  ^  800d  »  “S 

rLi-s  and  the  CL  intensity  distribution. 


=  iS'T^.S1,Ver  atom_fluorine  molecule  reaction  process  Ag  +  F-  -*•  AgF  +  F  ( A£ 
in  This  !,  H  5  T  eXO,herm,c  ernouKh  to  «cite  the  chemiluminescence  that  we  observ  e 
Forthe  Aod  p  he  reactl°ns  of  Sllver  molecules  must  lead  to  the  observed  emission 

™  — - 

Ag:  +  F2  —  AgF*( A0\  A'l )  +  AgF(X"Z*).  (5) 

(26  2S  rhC^iCity  °f,A£  =  ^F>  -  ^(Ag-Ag)  -  Do(  F-F)  =  4  04  eV 

Zr0d,Uang  chemiluminescence  corresponding  to  the  A  0*  —  X  '1  ‘  ( v' 
i  (0.  0)  band  with  a  photon  energy  of  -3.62  eV.  The  much  weaker  chemilu- 
minescence  from  the  Ag,-F  system,  observed  under  considerablv  more  stringent  ag- 

fhemo^Tk  rn  LnS'  rT!T5t  rCSUlt  fr°m  thC  reaCti0n  °f  3  Pol>at°mic  silver  molecule 

energy  JO  )  Thean3  ate  8  f  **  ‘ Ag3 *  With  itS  0  99  eV  ^  Association 

=  D°'(L  Ft  n  7  t"mer~Jluonne  a,om  ^action,  with  an  exothermicitv  of  A£ 

I  siarl^8_FH  ,  Do  Ag2~Ag)  ~  2  65  eV  15  sufficiently  energetic  to  populate  the  r 
ute  based  strictly  on  its  reaction  exothermicity.  However,  the  hot  F  atom  Iran  - 

Ste at  3CmeVeF  neXCeedS  ^  ^  the  CXtra  energ>  needed  to  form  the  .C  1 
as  the  mu  tlentemd3  ^  ^  n°tm8  ^  addhi°nal  C,USter  reactio"s  "ch 
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Fig.  6.  Comparison  between  (a)  chemiluminescence,  (b)  laser-induced  fluorescence,  and  (c)  computer 
simulation  ( T  =  495  K)  of  the  A'  l-.VZ*  (0.  0)  band  of  AgF. 


and 


Ag3  +  F2  -*■  AgF*  +  AgF  +  Ag 


(6) 


Ag3  +  F2  -*•  AgF*  +  Ag2F  ( 7 ) 

may  also  be  considered  as  possible  precursors  to  excited  AgF  products. 

By  comparing  the  blue  degraded  CL  spectrum  of  the  A'  1-AM2+  (0.  0)  band  given 
in  Fig.  6a  with  the  LIF  spectrum  in  Fig.  6b.  we  observe  that  the  excited  state  and  the 
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pro^unc,  Sl^y'^unn£t,ib,ltior  Th'S  «W«s  that  the 

The  rotational  simulation  shown  in  Fig  6c  corresmtld  mu  tiple'colhsion  conditions, 
of  495  K  and  7MAX  =  25.  The  det^^S?,"?  ‘  r°tat,°nal  temperature 

not  be  an  accurate  measure  of  the  th^H  r°tat,0nal  te™Perature.  T  =  495  K.  mav 

nixing  effem  have  „o,  been  eonSiderer„1he,,ea7culata  ' lT Casc 1  ‘ 1 
>S  roughly  estimated  to  be  415  K  from  t  f  r  ,F  vibrational  temperature 

and  (2.  1 )  bands  shown  in  Fig  3bZ  £  'J  TTJ  m'°  °f  lhe  (t' '■  l">  =  <  1-0) 
As  we  have  indicated  in  thelntroduction  thei ^  Franck-Condon  factors. 

(Ag  -S1/2  +  F  2P3/1,  generates  tw^fi  =  i  lo*est  atomic  hmit  of  the  AgF  system 

F  'P'/^  combination  couples  to  produce  onl v  one  o  LT*'  the  (Ag  -  + 

and  Clements  report  the  observation  of  a  mm'  St3te'  In  Re^‘  ^  ’■*)•  Barrow 

as  well  as  predissociation  ,n  the  vibronic  levels  “  3030  nm 

the  predissociation  to  the  potential  curve  crossing  of  the  5  0  They  at,nbu,e 

-  1  state,  which  seems  to  dissociate  to  the  a  °f  ™  B  °  tate  by  a  rePu|sive  9. 
Therefore  the  newly  observed  A 1  1  state  reported^  hmit  (Fig'  2  of  Ref-  (23)). 
the  ground  atomic  limit.  Figure  8  outlines  the  n  I*  Paper  C3n  °nly  dissociate  to 
A'  l.  A  0*.  and  BO*  molecir  states  and  th  COrrelat,on  diaS™  for  the  . V - . 
*"-»»  a  va,ne  of  ,hn  ££££  £ 

K 3  ne  *  1  state.  D'.  can  be  estimated 
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A92P,,2+  p2p3/2 
at  59152  cm  *  1 


A9  SW2+  F*Pw2 
a92S1/2+  F*P3,2 


30000 


>  2S000 

C 

a 

UJ 

z 

LU 


20000  j- 


B  0* 


A  0* 


1“  A’  1 


x  V 


MOLECULAR  ENERGY  T.  ATOMIC  ENERGY 

Fig.  8.  Correlation  diagram  of  the  low-lying  molecular  states  and  the  corresponding  atomic  asvmptotic 
limits  of  the  AgF  system. 


to  be  4649  ±  1400  cm  1  from  the  thermochemical  value,  D°  =  29  600  ±  1400  cm"1 
( 29)  for  the  AgF  ground  state. 

The  observation  of  the  A  1  state  of  AgF  indicates  that  there  may  exist  similar  stable 
U  =  1  states  for  the  remaining  silver  monohalides  located  a  few  thousand  wavenumbers 
below  the  previously  known  lowest  excited  A  0+  states.  Table  VIII  summarizes  the 
observed  T,  values  for  the  low-lying  electronic  states  of  the  silver  monohalides.  In 
addition  to  the  ground  state,  the  B  0  +  state  is  the  only  excited  state  well  studied  for 


TABLE  viii 

Summary  of  the  Observed  Tt  Values  of  the  Low-Lying  Electronic  States  of  the  Silver  Monohalides 


A&E _ AgS _ AgBr _ Agl 


X  ‘E* 

0 

0 

0 

0 

A'  1 

24950.71* 

- 

(-238104) 

- 

A  0* 

29220b 

- 

- 

23906c 

B  0+ 

31663b 

31602.65b 

31280.43b 

31194.06b 

*  This  work. 

b  Data  taken  from  reference  28. 
c  Electronic  symmetry  is  not  clear. 

d  Transitions  around  420nm  mentioned  by  Metropolis  and  Beutler  in 
reference  17.  No  electronic  symmetry  is  assigned. 
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fmrn  a  .V  vm°n  mo|ecules  With  T'  values  smoothlv  shifted  to  the  red 

Ind  a^r  ?  u8 W  °J :orresP°ndin8  stabie  A  0*  states  have  been  observed  for  AgCl 

T  Ki  v/rn  n°ted  th3t  the  electronic  symmetry  of  the  A  state  of  Agl  listed 

m  Table  VII  ,s  unclear  l28).  This  state  seems  to  more  closelv  correlate  with  the 
A  state  rather  than  the  A  0*  state  of  AgF.  With  no  electronic  symmetry  assigned 
letropohs  and  Beutler  </’)  also  mention  transitions  around  420  nm  P3  810  cm  1 ) 
for  AgBr  which  we  tentatively  associate  with  the  A '  I  state  in  Table  V  II  The  exoer 

IZntn  thC  Sim‘lar  ‘  SlatCS  °f  A8CL  A*Br-  and  «  in  progress  in  oui 

CONCLUSION 

A  Jml°|Stale  ‘‘“•‘’“I1  f°Und  n0t  ,0  *  the  lowest  excited  electronic  state  of  the 
AgF  molecule  as  previously  indicated  in  Ref.  (28).  About  4300  cm1  below  the  4  0* 

state,  a  stable  A  1  state  has  been  observed  and  rovibrationallv  analvzed  for  the  first 
U  ‘"g  the  c°mbmatl°n  of  chemiluminescence  and  pulsed  laser-induced  fluores- 
cence^The  possible  existence  of  similar  stable  Q  =  1  states  for  other  silver  monohalides 
is  predicted.  The  observation  of  this  A'  1  state  is  also  of  importance  for  its  possible 
o  e  as  an  intermediate  state  in  multiple-resonance  laser  spectroscopy  and  multiphoton 
laser  ionization  experiments.  p  un 
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The  first  observation  of  a  chemically  enhanced  resonance  Raman  pumping  process,  observed  in  the  absence 
of  an  external  light  source,  is  reported.  In  an  extended  path  length  reactive  environment,  sodium  dimer  mftlmiln 
are  Raman  pumped  by  radiation  from  the  Na  D-line  produced  by  the  reaction  of  additional  Hi nw  molecules 
with  bromine  atoms.  The  observed  Raman  spectrum  would  appear  to  result  from  much  more  than  a  simple 
light  scattering  process. 


Infrofccrtua 

Recently,  we  have  been  concerned  with  the  reactions  of  small 
supersonically  cooled  sodium  molecules  with  halogen  atoms  (Na, 
+X— Na*_i  +  NaX;  X-O.Br.U-2. 3)«  These  reactions 
have  been  shown  to  demonstrate  gain  on  transitions  involving  the 
electronically  excited  Na,  products  of  the  Na,  +  Br  reaction. u 
In  an  extension  of  these  experiments,  focused  on  the  development 
of  a  long  path  length  amplifying  medium  employing  slit  source 
based  supersonic  expansions,  we  have  observed  the  fust  resonance 
Raman  pumping  generated  in  a  purely  chemical  reactive 
environment.  The  observations  made  in  the  present  study  bear 
a  dose  analogy  to  those  of  Wellegehauscn,**  Bergmans,7  and 
co-workers  in  their  analysis  of  optically  pumped  wvtinm  dimer 
lasers  operative  on  a  stimulated  Raman  scattering  process.  Here, 
however,  we  observe  a  series  of  Raman-like  Stokes  and  anti- 
Stokes  features  which  (1)  are  associated  with  the  lowest  vibratiooal 
levels  of  Na,,  (2)  correlate  with  a  scattering  process  involving  the 
Na  D-line  components  (Na  3p2PJ/lI/J-3sJS,^)  created  in  the 
chemical  *eactiao  sequence 

Na,  +  Br  —  Na-Op2?)  +  NaBr 
Na'Op2?)  —  Na(3*JS)  +  he  (1) 

(3)  are  not  readily  generated  by  light  scattering  due  to  an  external 
laser  light  source,  and  (4)  appear  to  be  by  the 

environment  of  the  reaction  zone  itself.  The  D-line  emission  is 
scattered  by  cooled  sodium  dimen  (Nat)  formed,  as  a  result  of 
supersonic  expansion,  in  the  lowest  vibrational  levels  of  the  Na, 
ground  eiectraojp  state.  Multiple  Stokes  and  anti-Stokes  features 
assigned  as  resonance  Raman  progressions  are  well  simulated  an 
the  basis  of  the  resonance  Raman  theory  outlined  by  Rousseau 
and  Williams*  and  others.*  The  results  of  initial  gain  studies,  in 
which  amplification  has  been  observed  on  many  of  the  Stokes 
and  anti-Stokes  components  of  the  Raman  spectrum,  are 
suggestive  of  a  stimulated  Raman  scattering  process  to 
that  associated  with  optically  pumped  Am**  lasers. 
However,  the  scattering  line  width  I*  associated  with  the  present 
process  is  determined  to  be  dose  to  4  cnr>.  These  results  suggest 
an  unusually  fast  resonance  Raman  scattering  process  which 
appears  to  be  chemically  — 

Esperimsstal  Section 

The  apparatus  which  we  have  used  to  generate  high  sodium 
fluxes  in  supersonic  expansion  from  an  extended  slit  source  is 
described  in  detail  elsewhere.1**11  A  dual  oven  (large  capacity 
(~330  g)  stagnation  chamber  and  frontal  nook  expansion 
channel)  system  has  been  designed  to  produce  a  supersonic  flux 


of  alkali  vapor  through  a  slit  nozzle  approximately  0.003  in.  wide 
by  2  in.  in  length.  The  slit  is  formed  from  two  sheets  of  0.005 
in.  tantalum  prepared,  mounted,  and  sandwiched  between  frontal 
and  rear  nozzle  sections.  The  precite  width  ofthe  created  tantalum 
slit  is  adjusted  to 0.003  in.  under  a  Vickers  microscope  and  verified 
for  accuracy  (across  the  length  of  the  slit)  using  single  slit 
diffraction  techniques. 

The  rear  stagnation  chamber  (850-900  K)  and  frontal  nozzle 
expansion  channel  (900-950  K)  are  heated  independently. 
Expansion  from  the  slit  source  produces  a  near  planar  flux  (slight 
divergence)  at  the  reaction  region  consisting  primarily  of  sodium 
atoms  and  internally  cooled  dimers. 11  In  the  reaction  region,  the 
sodium  flux  is  intersected  at  variable  angles  from  above  and  bekrw 
by  two  diverging  but  nearly  planar  bromine  atom  flows  emerging 
also  from  slits  machined  into  graphite  tube  furnaces1*1 1  operated 
attempers  tares1  J  T>  1700  K  necessary  to  ensure  a  greater  than 
95%  conversion  of  bromine  moleculet  to  bromine  atoms.  At  the 
significant  reactant  fluxes  necessary  to  generate  a  strong  Raman 
scattering  signal,  the  absolute  number  density  of  bromine  atoms 
in  the  reaction  zone  is  conservatively  estimated10  at  between  1014 
and  1011  car1  whereas  the  absolute  number  density  of  sodium 
dimers  in  the  reaction  zone  may  exceed  101*  car1. 

The  optical  signature  of  the  long  path  length  sodium  molecule- 
bromine  atom  reaction  zone  is  focused  onto  the  entrance  slit  of 
a  SPEX 1 704  scanning  mooochromatar  coupled  to  an  RCA  1 P28 
photomultiplier  tube  (PMT).  The  PMT  is  maintained  at  ~  1000 
V,  and  the  response  current  is  seat  through  an  IEEE  interfaced 
autoranging  pkoammeter  (Keithley)  to  an  IBM  compatible  AT 
class  microcomputer. 

We  have  also  attempted,  unsuccessfully,  to  reproduce  the 
Raman  signal  created  following  the  reaction  sequence  (1)  by 
resonantly  pumping  the  supersonically  expanded  sodium  dimers 
with  external  laser  light  Intensity  stabilized  broad-band  (mul¬ 
timode)  laser  light  (~1  W)  from  an  argon  ion  laser  (Spectra 
Physics,  Model  171)  at  4765  and  4880  A  and  dye  laser  light 
(~  100  fflW)  at  5190  and  5S96  A  (argon  ion  pumped  R6G)  was 
frequency  chopped  and  passed  through  the  reaction  zone  is  an 
effort  to  generate  a  Raman  scattering  signal  sfaniier  to  that 
observed  from  the  chemical  reaction  pumping.  The  frequency 
content  a t  the  emergent  beam  was  again  monitored  with  a 
monochrome  tor-PMT  combination.  The  PMT  response,  detected 
with  a  phase-sensitive  amplifier,  was  digitized  and  stored  in  an 
IBM  AT  daas  microcomputer. 

In  addition  to  tboee  experiments  outlined,  an  optical  configu¬ 
ration  similar  to  the  ingenious  design  of  Roll  and  Mentel11  was 
constructed  about  the  extended  Na*-Br  reaction  zone  and  used 
to  measure  optical  gain  on  several  of  the  observed  features  depicted 
in  Figure  1.  These  gain  measurements  are  discussed  in  more 
detail  elsewhere.1* 
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Figm  1.  Survey  spectrum  of  chemiluminescent  emission  tad  Rimes 
Mattering  from  various  deetrwuc  states  of  dittomic  sodium.  The  Nai 
2  ^  **  *  trt0“tx*  eorreapoads  to  a  thpkt-tnpkt  bound- free 
excuncr-lik*  emiunxi  process  (moistjoc  —  12  A,  -  175  r  t 
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fl^raL  Reaiaa-like  spectrum  takes  at  a  tusotatioa  ef  —  1.5  A  (T«_ 
*T  *75  ~  935  *>  the  two  Na  D-liaa  nntnpnasett  aad 

BnMtare.  The  spm-ortrt  freq—cj  difference  of 
tae  two  Na  [Mae  components  is  repsodaoed  ia  the  scattered  i 
A  simulated  spectrum  (calculated  from  eq  2)  ■  « 

(T,*  —  400  K,  T  ■  4  car*).  See  ten  far  i 


ted  for  comparison 


Results  aad  Aaalyifa 

T&m*  are  several  near-resonant  rovibronic  transitions  sssoci* 
ated  with  the  X1 2g*  and  the  A'2,*  states  of  Na}1' aad  the  atomic 
emuaioo  from  the  Na  D-liaaa,  ^aadan  (*?,„  -  >S1/a  at 
16  973.379  cor'  and  *P,„  -  at  16  956.113  car-*).'*  We 
suggest  that  those  near  resonances  are  responsible,  m  large  part, 
for  the  unusually  intense  optical  signature  depicted  in  Figure  1. 

The  spectrum  in  Figure  1  was  »eken  at  a  resolution  of  — 12 
A.  The  relative  intensity  of  the  strong  dimer  B  -*  X 
chemiluminescence  to  the  even  stronger  Raman-like  emission 
features  symmetrically  surrounding  the  Na  D-Une  m  readily 
apparent  The  frequency  separation  between  adjacent  Stokes 
(anti-Stokes)  features  corresponds  closely  to  1 55  cor1 ,  correlating 
with  the  separations  between  the  lowest  sodium  dimer  ground- 
state  vibrational  levek  Despite  considerable  effort  we  have  found 
that  theac  features  cannot  be  made  to  fit  a  resonance  floormceace 

aeries  but  can  be  readily  assigned  to  Stokss  aad  and-Stokm  bands 

associated  with  a  resonance  Raman  progression.** 

Additional  evidence  suggestive  of  a  Raman  process  is  prmented 
inFigure2.  The  spectrum  depicted  in  Figure  2  was  taken  under 
equivalent  reaction  noe  conditions  to  those  of  the  spectrum 
depleted  in  Figure  1.  The  intermediate  resolution,  — lJ  A,  at 
which  this  spectrum  was  obtained  is  sufficient  to  dearly  resotvt 

the  atooM  sodium  eompoocat  splitting  ( ~  1 7.2  car 1 ) 

while  leaving  individua]  rotational  lines  unresolved.  The  relative 
intensities  of  each  of  the  sodium  D-line  components  are  dourly 
•ndent  ia  the  scattered  Raman  emission.  Furthermore,  the 
separation  of  the  atomic  lias  «piit«i«g  is 

dearly  reproduced  (within  the  experimental  resolution  of  the 

scan)  for  both  the  vibrational  Stokes  and  anti-Stokes  components 

of  the  scattering. 


We  have  successfully  modeled  the  group  of  features  sym¬ 
metrically  surrounding  -s  Na  D-liae  with  the  resonant  Raman 
intensity  exprauian**10 


A(® a^a^r^r) 


32  raX 

♦  '»"tT*(ca)  x 


(wgi  ~  wn)1  +  r* 


+ 


KcflPiHo^c)!3  \ 

W-hJ’  +  r1/ 


(2) 


where  /,  is  the  total  intensity  for  a  scattered  Stokes  or  anti-Stokes 
line  as  a  function  of  frequency,  «,  and  pump  intensity,  /*  and 
c  is  the  speed  of  light.  We  consider  transitions  from  an  initial 
rovibratjonai  ’round  electronic  state  of  the  Na2  molecule  labeled 
G  to  some  f  rovibrationa!  deetronic  round  sta--  labeled  F 
through  an  i.  --rmediate  excited  electro  sute  la  be  xl  I  where 

and  represent  the  rovibratkok  er qy  di/Teresce  between 

the  G  and  I  aad  I  and  F  levels,  aad  F  refers  to  the  line  width 
arisiag  from  all  damping  phenomena.  The  Sj  terms  correspond 
to  tbs  appropriate  Hflnl-Loodoo  f acton  for  the  Na2  A'Z,*- 
X1  V  transition. ‘^(fa)  represents  the  electronk  matrix  element, 
expressed  as  a  function  of  the  normalized  nuclear  coordinate,  ( 
■  Rfjua/kyr*,  aad  <Offo>  aad  (ofo)  represent  Franck-Condon 
overlap  integrals.  We  have  included  a  tbermalized  ground-state 
rotational  distribution  and  a  ground-state  weighting  function 
Moo),  which  represents  the  deviation  from  a  Boltzmann 
distribution.  We  also  allow  pumping  das  to  each  component  of 
the  sodium  D-line  («n(*Pj/i)  and  *n(*Pin))  to  contribute  to  the 
scattered  emission  intensity,  lr  Here,  the  XP|/2:,P|/J  intensity 

emghtmg  resulting  from  the  reaction  populated  D-hnc  components 

*  3  A  as  determined  from  the  experimental  sjwetmm 

Numerical  calculations10  were  earned  out  by  allowing  the  near- 
reecna.-c  s tonne  sodium  transitions,  a*,  and  ««,  appropriately 
broadened,  to  pump  the  first  30  levels  in  the  Ns,  X'  2/  «ate  to 
the  first  70  levels  of  the  Na2  A 'Z,*  state.  Deexcitatioo  from  the 
upper  electronk  state  was  allowed  to  proceed  to  the  Tint  30  levels 
ofthe  ground  state.  Rotational  levdsy".y,>  0-120  wereinduded 
with  each  vibrational  level  of  both  the  excited  electronic  A'V 

state  and  the  ground  electronk  X'V  »*ate  of  the  sodium  dimer 

scattarer.  Each  simulated  spectrum  produced  in  the  modeling 
program  was  convolved  with  a  Gaussian  function  to  approximate 
the  effects  of  a  finite  spectrometer  slit  width.1* 

The  data  in  Figure  3  depict  the  fit  to  the  vibrational  structure 
surrounding  the  Na  D-liae  under  conditions  of  pure  sodium 
expansion.  All  attempts  to  extract  a  vibrational  temperature 
thrmgh  comparison  of  tbs  observed  and  calculated  Raman  spectra 
*"  — ewefol  The  low- resolution  (-12  A)  vibrational 
Raman  spectrum  depicted  in  Figure  3  docs  not  correspond  to  a 
tbermalized  vibrational  distribution.  The  calculated  spectrum 
in  Figure  3,  corresponding  to  a  non- Boltzmann  vibrational 
distribution,  cioeety  matches  the  experimental  scan  and  also 
provides  a  consistent  fit  to  higher  resolution  spectra.  Although 
the  rotational  population  distribution  may  also  be  neo-Boltzmann, 
we  find  that  with  an  effective  rota  banal  temperature  of  400  K 
we  are  able  to  obtain  s  dose  agreement  between  the  experimental 
aad  calculated  spectrum  depicted  ia  Figure  4.  This  suggests  that 
only  slight  modifications  from  a  tbermalized  distribution  will  be 
aoceostry  to  exactly  fit  the  rotational  features.  We  need  consider 
elsewhere  that  there  are  several  possible  sources  for  the  deviation 
of  the  Ramaa  scattering  features,  depicted  in  Figure  3,  from  a 
tbermalized  vibrational  distribution.1* 
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A  still  higher  resolution  scan  (~0.4  A)  of  the  tint  Stokes  and 
anti-Stokes  features  is  depicted  and  ootnputer  simulated  in  Figure 
4.  Tbe  computer  simulation  is  again  based  on  the  anolkation  of 
eql  In  a  surprising  result,  we  dad  that  a  line  width  T»  dear* 
is  required  to  provide  optimum  agreement  between  the  simulated 
and  experimental  results  with  correlation  coefficients  exceeding 
0.92  for  the  aati-Stokas  and  049  liar  the  -S*«kef  features, 
respectively.  A  Anther  confirmation  of  the  required  line  width 
is  also  indicated  in  Figure  4  where  we  oompure  tbe  experimental 
spectrum  to  r  ■  1-.  and  0.1 -enr1  simulations  based  on  aq  2. 

While  then  an  improvements  that  can  be  in  the 
simulations  depicted  in  Figun  4,  it  is  unlikely  that  simple  power 
broadening  can  be  responsible  for  the  large  effective  line  width 
indicated  by  our  spectral  simulations.  On  the  basis  of  the  required 
power  broadening  for  a  two-leval  quantum  system  driven  at 
raoiiance,  we  estimate  that  an  electric  field  of  ~  1J  kV/cm  and 
an  absolute  power  density  of  ~0.215  MW/cm2  an  necessary  to 
produce  tbe  requisite  spectral  broadening  of  4  enr1. 

The  apparent  ~4-cm*'  spectral  broadening  svggasta  the 
possibility  of  a  scattering  lifetime  of  order  10*»  s,  implying  a 
proceas  which  is  considerably  mon  efficient  than  would  be 
expected  on  the  basis  of  rwoninrr  Raman  pumping  inenlvieg  the 
Naj  A— X  transition  (~  10**  s  based  on  the  radiative  lifetime1*). 
Several  additional  experiments  involving  the  direct  of 

the  sodium  expansion  in  the  absence  of  bromine  atom  reactant 
at  the  Na  D-line  frequencies  (argon  ion  pumped  R6G)  and  at 
4763  and  4880  A  using  a  multimode  argon  ion  laser  failed  to 
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reveal  ontirel  rifnernrro  rnrnepraetim  tathn— 

1-4.  In  fact  while  it  was  possible  to  excite  laser-induced 
fluorescence  corresponding  to  the  Na2A-X  and  B-X  band  systems 
analogous  to  that  observed  previously,1*  although  at  somewhat 
higher  temperatures  in  the  present  experiments,  no  clear  Raman 
features  were  generated.  This  result  also  suggests  a  more  efficient 
process  than  that  associated  with  reronance  Raman  pumping. 
^  These  results  suggest  that  we  have  observed  more  than  a 
“simple*  Raman-like  scattering  process.  We  might  consider  a 
further  long-range  interaction  of  the  electronically  excited  sodium 
3?*?  atoms  with  those  Na2  molecules  which  are  Raman  pumped, 
an  interaction  of  the  Na2  molecules  with  tbe  Br  atoms  that  induces 
a  time-varying  enhancement  of  the  dimer  polarizability  (hyper¬ 
polarizability)  or  (leu  likely)  the  presence  of  a  large  electric  field 
created  due  to  the  reactive  environment  in  the  vicinity  of  the 
traction  zone.  It  would  appear  that  this  interaction  or  perturbation 
leads  to  a  much  more  efficient  Raman-like  scattering  process 
and  appears  to  demonstrate  a  stimulated  Ramin  gun  condition.10 

While  further  experiments  will  be  accessary  to  clarify  the 

mechanism  for  the  scattering  process,  the  long  path  length  reaction 

zone  employed  in  time  experiments  appears  to  have  revealed  the 
manifestation  of  a  significant  cooperative  phenomena.  The 
moderate  Rydberg  character  of  tbe  Na  3p*P  excited  state,  with 
its  diffuse  electron  density,  may,  in  fact,  lend  itself  to  a  considerable 
long-range  interaction  inducing  cooperative  effects.  Tbeasseu- 
ment  of  time  cooperative  effects  awaits  further  study. 
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Abstract 


Highly  afficient  long  range  interactions  in  high  temperature  reactive 
environments  are  exemplified  with  two  studies.  A  combination  of  single  and 
multiple  collision  chemiluminescent  studies  has  been  used  to  (1)  demonstrate 
the  highly  efficient  collisional  stabilization  of  electronically  excited  Group 
HA  dihalide  collision  complexes  formed  in  direct  M  +  X2  -  MX2  reactive 
encounters,  (2)  delineate  the  first  direct  evidence  for  symmetry  constraints 
associated  with  dihalide  formation  in  the  M  +  X2  insertion  process,  and  (3) 
obtain  the  first  discrete  emission  spectra  for  these  dihalide  complexes.  A 
demonstrated  collisional  stabilization  not  readily  explained  within  the  RRKM 
framework  suggests  that  new  models  will  be  necessary  to  explain  the  efficient 
interaction  of  electronically  excited  states.  Information  provided  on  the 
efficient  stabilization  of  excited  state  intermediate  complexes  defines  a 
much  broader  range  of  interaction  than  has  typically  been  associated  with 
collisional  stabilization  phenomena.  The  importance  of  long  range 
interactions  is  further  demonstrated  by  the  first  observation  of  a  chemically 
enhanced  stimulated  resonance  Raman  pumping  process,  observed  in  the  absence 
of  an  external  light  source.  In  an  extended  path  length  reactive  environment, 
sodium  dimer  molecules  are  Raman  pumped  by  radiation  from  the  Na  D-line 
produced  by  the  reaction  of  additional  dimer  molecules  with  bromine  atoms. 

The  observed  Raman  spectrum  would  appear  to  result  from  much  more  than  a 
simple  light  scattering  process.  The  demonstrated  interaction  ranges  and  the 
enhanced  interaction  of  high  temperature  molecules  in  general  have  direct 
implication  for  the  understanding  of  molecular  formation  and  energy  transfer 
in  the  high  stress  environments  which  include  combustors  and  high  impulse 
propulsion  systems. 


INTRODUCTION 

It  is  a  pleasure  to  contribute  this  paper  to  the  Margrave  Symposium 
Volume  of  High  Temperature  Science.  John  Margrave  has  demonstrated  an  amazing 
versatility  in  the  scientific  problems  with  which  he  has  been  involved.  In  a 
very  strong  sense  this  is  reflected  in  the  diversity  of  students  both  graduate 
and  undergraduate  which  have  matriculated  in  his  laboratory  and  whose 
interests  and  pursuits  range  from  inorganic  synthesis  to  fundamental  problems 
m  chemical  physics.  The  symposium  in  his  honor  at  Rice  University  on  April 

29,  1994  brought  together  many  old  friends  and  produced  some  very  interesting 
tales. 

This  paper  discusses  topics  which  relate  to  the  enhanced  interactions 
characteristic  of  high  temperature  reactive  environments.  The  storage  and 
efficient  conversion  of  the  energy  generated  in  (1)  the  products  of  highly 
exothermic  reactive  processes,  (2)  highly  dense  plasma-like  reactive 
environments,  and  (3)  the  non-equilibrium  laser  based  stimulated  emission 
process  can  be  influenced  by  similar  although  sometimes  complex  mechanisms. 

The  realization  of  the  potential  conversion  efficiency  of  these  systems 
requires  that  we  identify  overriding  factors  associated  not  only  with  chemical 
reactivity  but  also  with  poorly  understood  energy  transfer  and  stabilization 
processes . 

Through  a  series  of  unique  coupled  experiments1-8  spanning  a  seven  decade 
pressure  range  from  the  near  "single  collision"  pressure  regime  associated 
with  the  nascent  products  of  chemical  reaction  to  the  moderate  pressure 
diffusion  flame  environment,  we  observe  the  clear  manifestation  of  long  range 
energy  transfer  and  stabilization.  We  suggest  that  the  processes  of  interest 
may  influence  the  dynamics  of  reactive  interaction  and  energy  pooling  in 
combustion,  propulsion,  plasma,  and  laser  environments,  by  utilizing  the 
substantial  configuration  space  encompassed  by  a  diffuse  excited  state 
electron  density.  There  have  been  few  concerted  efforts  to  assess  and  model 
these  efficient  pathways  which  we  exemplify  by  outlining  two  ongoing  studies 
involving  (1)  an  evaluation  of  the  extremely  efficient  radiative  three  body 
collisional  stabilization  of  Group  IIA  atom  ( Ca, Sr, Ba) -halogen  molecule 
reactive  encounters  leading  to  dihalide  excited  state  formation  and  (2)  the 
first  chemically  induced  Raman  pumping  of  a  diatomic  molecule  in  the  absence 
of  an  external  light  source. 


1 


SYJfOTKY  CONSTRAINED  DYNAMICS  OF  GROUP  IIA  DIHAI.TDK  FORMATION 


The  transformation  from  covalent  to  ionic  bonding  and  its  influence  on 
molecular  electronic  structure  and  reaction  dynamics  has  long  been  fundamental 
to  our  understanding  of  chemistry,  attracting  the  interest  of  chemists  and 
chemical  physicists  alike. 9  The  reactions  which  form  the  Group  IIA  dihalides 
can  be  studied  to  provide  insights  for  our  understanding  of  these 
transformations  and  the  nature  of  intermediate  complex  formation  as  strong 
lonrc  chemical  bonds  are  formed.  Through  a  series  of  selected  preliminary 
experiments,  we  have  obtained  a  wealth  of  evidence  which  casts  new  light  on 
the  dynamics  of  Group  IIA  dihalide  formation  via  Group  IIA  metal-halogen 
molecule  reactions.  Further,  we  identify  a  symmetry  constrained  dynamics 
associated  with  the  electron  jump  harpooning  process  and  the  formation  of 
long-lived  MX2  ionic  complexes  where  M  corresponds  to  the  Group  IIA  metal 
(M~Ca,Sr,Ba)  and  X  to  a  halogen  atom  (X«Cl,Br,I).  These  complexes,  while 
forming  via  a  direct  M  +  X2  insertion  reaction,  are  subject  to  a  highly 
efficient  collisional  stabilization  which  may  well  exemplify  the  extended 
range  of  interaction  (cross  section)  characteristic  of  many  high  temperature 
molecules.2  5  The  controlled  collisional  relaxation  of  the  Group  IIA  dihalide 
excited  states  has  now  produced  the  first  discrete  spectroscopic  data  on  the 
low-lying  and  ground  states  of  these  highly  ionic  high  temperature  molecules, 
greatly  aiding  mechanistic  interpretation.  The  results  which  we  outline 
suggest  that  the  study  of  these  systems  will  provide  an  abundance  of  both 
dynamic  and  spectroscopic  information,  providing  an  opportunity  for  the 


systematic  study  of  chemical  and  structural  properties  as  they  influence  both 
reactivity  and  molecular  electronic  structure  and  leading  to  detailed  periodic 
correlations  which  are  basic  to  chemistry. 

The  Group  IIA  dihalides  have  been  studied  extensively  by  Hildenbrand10 
who  has  used  an  astute  combination  of  mass  spectrometric  data  and  a  variety  of 
structural  estimates  to  evaluate  the  validity  of  ionic  models.  As  Table  I 
demonstrates,  the  IIA  halides  are  unusual  in  that  the  strength  of  the  second 
halogen  bond  is  at  least  comparable  to  or  considerably  greater  than  that  of 
the  first.  In  other  words,  the  atomization  energy,  especially  of  the  heavier 
halogen  dihalides,  is  at  least  twice  the  dissociation  energy  of  the  metal 
monohalide.  This  bonding  characteristic  suggests  that  the  Group  IIA-halogen 
molecule  reactions  might  present  ideal  systems  in  which  to  study  few  body 
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complexation  processes  and  hence  the  efficient  collisional  stabilization  of 
intermediate  complexes.  Further,  any  spectroscopic  data  obtained  on  the 
dihalides,  in  combination  with  a  firm  thermochemical  base,  furnishes  an 
important  link  to  further  refine  the  extent  and  validity  of  the  ionic  models 
which  Hildenbrand10  and  others11  have  developed  to  aid  our  understanding  of 
high  temperature  chemistry.  Within  the  framework  of  modeling  reactivity  and 
structure,  the  Group  IIA  metal  reactions  offer  a  wide  range  of  atomic  size  as 
well  as  change  in  ionization  potential  and  electron  affinity.  Their  diversity 
far  exceeds  that  of  the  much  simpler  alkali  metals,  yet  they  are  sufficiently 
simple  so  as  to  render  detailed  modeling  both  useful  and  definitive. 

A  Clarification  of  Historical  Perspective 

The  reactions  of  Group  IIA  metal  atoms  and  halogen  molecules  have  been 
studied  under  near  single  collision  conditions  in  low  pressure  (10“^  -  10‘4 
Torr)  beam-gas  or  beam-bean  environments  by  a  number  of  researchers.  The 
analysis  of  their  experimental  results  has  been  both  controversial  and  ever- 
evolving.  As  first  observed  by  Jonah  and  Zare12,  for  the  Ba  +  Cl2  reaction 
(Fig.  1),  the  Group  IIA  metal  (M«Ca, Sr, Ba) -halogen  molecule  (X2  *  Cl2,Br2,I2) 
reactions  produce  a  broad  structureless  emission  feature  (see  Figs.  1,2) 
spanning  the  near  ultraviolet  and  visible  regions.  Jonah  and  Zare  initially 
attribut:ed  this  feature  to  a  two-body  (M  +  X2)  radiative  association  viz. 

M  +  X2  -*  MX2*  (la) 

MX2*  -*  MX2  +  hv  (lb) 

first  order  in  the  Group  IIA  metal  and  halogen  molecule.  However,  Wren  and 
Menzinger13  soon  revealed  a  quadratic  dependence  of  the  light  emission  on 
oxidant  pressure.  This  second  order  oxidant  pressure  dependence,  dominating 
at  pressures  as  low  as  3xl0~6  Torr.  appeared  to  signal  the  presence  of  a 
three-body  radiative  recombination  process. 


M  +  X2  ■»  MX2*+, 

(2a) 

mx2*+  +  x2  -»  mx2*  +  x2 

(2b) 

MX2*  -»  MX2  +  hv 

(2c) 

under  conditions  generally  identified  with  the  single  collision  pressure 
regime.  Here  the  dagger  signifies  that  the  MX2  species  is  formed  at  energies 
above  its  dissociation  limit,  however,  the  partitioning  of  the  available 
energy  into  internal  excitation  and  product  translational  motion  is  not 
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specified. 7 

In  envoking  mechanism  (2),  Wren  and  Menzinger13  thus  suggested  a  very 
efficient  collisional  stabilization  process  operative  in  the  micro-torr 
region,  involving  a  collision  complex  of  some  considerable  extent.  The 
viability  of  an  enhanced  interactive  range  of  electronically  and/or  highly 
vibrationally  excited  species  is  supported  by  recent  studies  of  energy 
transfer  collisions  with  the  excited  states  of  high  temperature  molecules.2'5 
However,  Rosano  and  Parson14  noted  that  (within  an  RRKM  framework),  in  order 
for  step  (2b)  to  be  significant,  the  quasibound  MX2  would  have  to  have  an 
unusually  long  lifetime,  ^lO^s  at  1CT5  Torrj  if  its  lifetime  is  estimated  to 
be  on  the  order  of  a  molecular  vibration,  ^1CT13s.  the  pressure  would  have  to 
be  on  the  order  of  an  atmosphere.  The  results  wh: :h  we  outline  in  following 
sections  would  suggest  that  these  arguments,  while  soundly  based,  require 
modification  as  the  reactions  of  interest  are  characterized  by  a  much  broader 
range  of  complex  interaction. 

In  the  absence  of  additional  information,  the  considerations  outlined 
above  lead  Menzinger.15  Rosano  and  Parson,14  and  Engelke16  to  conclude  that 
the  third  order  dependence  for  MX2*  formation  must  be  due  exclusively  to  two 
sequential  harpooning  processes 

M  +  X2  *  MX+  +  X  (3a) 

MX+  +  X2  -»  MX2*  +  X  (3b) 

MX2*  -»  MX2  +  hv  (3c) 

involving15  highly  vibrationally  excited  ground  state  MX(X2Z+).  To  support 
this  mechanism  these  authors  have  noted  the  small  amount  of  product  recoil  for 
step  (3(a))14  and  the  "apparent"  insensitivity  of  the  MX2*  emission  to 
addition  of  a  nonreactive  buffer  gas.15  Further,  in  pointing  out  the 
established  "known"  validity  of  mechanism  2,  Menzinger15  has  also  argued  that 
the  low  ionization  potential  for  MX(X2Z+)  (slightly  below  that  of  the  metal 
atom17  and  decreasing  for  vibrationally  excited  MX)  establishes  that  reaction 

(3(b))  corresponds  to  a  more  efficient  electron  jump  process  than  reaction 
(3(a)). 

Although  the  arguments  of  Rosano  and  Parson  favoring  mechanism  (3), 
focused  on  the  MX2  excited  state  radiative  lifetime,  can  be  compelling,  they 
result,  in  large  part,  from  a  misconception16  concerning  the  nature  of  the 
lowest  energy  dihalide  excited  electronic  states.  It  is  likely  that  at  least 
the  lowest-lying  dihalide  transition  (A-X  band  system)  does  involve  a  long- 
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lived,  xrad  >  10"5  sec,  excited  electronic  state.7  Therefore,  provided  that 
bound  excited  state  levels  are  populated  (which  the  extent  of  the  emission 
continua  in  Figures  1  and  2  suggest  and  which  multiple  collision  relaxation 
studies  confirm),  the  collisional  stabilization  of  a  long-lived  electronically 
excited  dihalide  emitter  is  possible.  However,  this  is  a  requirement  which 
becomes  less  stringent  if  the  formed  Group  IIA  dihalide  complex  is  capable  of 
interaction  over  a  much  longer  range.7 

Periodicity  of  Group  IIA  Dihalide  States 

Klemperer  et  al.i0,  using  the  technique  of  electric  quadrupole  deflection 
of  molecular  beams,  determined  the  grid  of  dihalide  geometries  outlined  in 
Table  II.  This  table  demonstrates  clear  trends  as  linear  geometries  are 
favored  by  the  light  metal-heavy  halogen  combination  whereas  bent  structures 
are  favored  by  the  heavy  metal-light  halogen  combination.  These  geometric 
trends  can  be  explained19-22  on  the  basis  of  a  modification  of  Walsh's 
correlation  diagrams  for  AB2  type  molecules  to  take  into  account  the  influence 
of  normally  unfilled  d  orbitals  on  the  metal  atom.  The  IIA-dihalides  are 
predicted  to  be  strictly  linear  if  described  using  only  s  and  p  orbitals 
within  the  Walsh  framework.  The  strongly  ionic  character  of  the  Group  IIA 
dihalides  also  leads  to  important  modifications  of  the  Walsh-type  diagram.23 

Figure  3  corresponds  to  a  molecular  orbital  correlation  diagram  for 
BeF2.7^  Here  we  plot  valence  orbital  energy  as  a  function  of  bond  angle.  The 
orbital  occupation  for  the  ground  state  of  BeF2  is  complete  through  the  u 

O 

orbital  (16  valence  electrons).  It  is  clear  that  the  sum  of  the  valence 
orbital  energies  leads  to  the  prediction  of  greatest  stability  for  a  bond 
angle  of  180°. 

The  makeup  of  the  valence  molecular  orbitals  in  BeF2  has  been  discussed23 
and  comparisons  of  the  BeF2  correlation  diagram  (Figure  3)  with  Walsh's 
valence  molecular  orbital  diagram  for  C02  have  been  made.  For  our  purposes, 
it  is  important  to  note  that  the  lowest  energy  excited  states  in  BeF2  are 
predicted  to  result  from  transitions  involving  the  highest  occupied  i»g(b2) 
and  Hg(a2)  molecular  orbitals  of  the  ground  state  to  the  lowest  unoccupied 
Og(a^)  molecular  orbital.  This  is  in  contrast  to  the  case  of  C02  where 
experiments  have  confirmed  Walsh's  prediction  that  the  lowest  energy 
transitions  are  from  the  i?g(b2)  and  iig(a2)  molecular  orbitals  to  the  iru(aj) 
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molecular  orbital.  This  predicted  change  in  the  ordering  of  the  ,„(.,)  and 

°g(*1)  0rbit4ls  for  BeF2  and  co2  suggests  that  the  lowest  energy  transitions 
in  BeF2  and,  for  that  matter,  several  of  the  remaining  Group  IIA  dihalides, 
should  be  quite  weak  in  absorption  since  a  (g-g)  transition  is  electric 
dipole  forbidden  for  the  linear  molecule.  In  fact,  the  lowest  energy  HOMO- 
LUMO  transition  (analog  of  for  the  linear  dihalide)  has  not  been 

observed  even  in  attempted  studies  of  the  absorption  spectrum  for  the  highly 
bent  BaF2  molecule.  Researchers  have  been  lead  to  believe24  that  the 


absorption  spectra  for  these  inherently  high  temperature  molecules  cannot  be 
obtained  and  studied;  however,  the  experimental  results  which  we  discuss  in 
the  following  sections  demonstrate  otherwise  and  fingerprint  regions  for 
studying  this  spectroscopy. 

In  emission,  one  might  expect  to  observe  reasonably  intense  transitions 
from  a  B2  state  [electron  configuration  ...  (la2)2  (4b2)(6a1)  for  the 
highest  three  valence  orbitals]  as  the  spectrum  is  expected  to  involve  long 
progressions  in  the  bending  mode  of  the  upper  and  lower  states.  However,  as 
can  be  noted  in  the  pressure  dependence  of  the  multiple  collision  relaxed 
chemiluminescent  emission,7  these  transitions  will  also  feel  the  effect  of 
the  g-g  selection  rule.  Transitions  from  the  XA2  state  [electron 
configuration  ...  Ua2)  (4b2)2(6ai)  for  the  highest  three  valence  orbitals] 
would  be  expected  to  be  very  weak  due  to  the  electric  dipole  selection  rules 
f  a  C2v  molecule.  Transitions  from  the  3B2  states  are  "spin  forbidden"  and 
“  *  therefore  alao  expected  to  be  weak.  We  anticipate  the  change  in  bond 
angle  which  accompanies  these  lowest  energy  transitions  to  be  so  pronounced 
that  the  observed  emission  spectrum  can  be  expected  to  extend  over  several 
hundred  angstroms.  This  is  evidenced  by  an  emission  system  tentatively 
ascribed  to  the  ^  -  xUj  (A-X)  transition  (see  Figures  4  and  5)  observed 
under  multiple  collision  conditions,  and  resulting  from  Ca-Cl2,  Ca-Br2,  Sr-Cl2 
(Figs.  5,6),  and  Sr-Br2  (Figs.  4,6)  reactive  encounters.  At  elevated 


pressures,  the  A-X  band  system  feature  (Figs.  4,5)  which  extends  from  the 
fringes  of  the  ultraviolet  to  considerably  longer  wavelength  is  efficiently 
quenched  relative  to  the  B-X  band  systems  indicated  in  Figs.  4  and  6,  as 
would  be  expected  for  a  long-lived  excited  state.7 

Transitions  which  involve  excitation  from  the  to  the  iru  valence 
molecular  orbital  (Fig.  3)  are  expected  to  occur  at  higher  energy.  These 
electric  dipole  allowed  transitions  should  be  characterized  by  both  a  strong 
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absorption  and  emission  spectrum,  the  latter  of  which  has  tentatively  been 
identified  for  the  Ca-Cl2,  Ca-Br2,  Sr-Cl2  (Fig.  6),  Sr-Br2  (Figs.  4,6)  and 
Sr-ICl  (Fig-  6)  (SrICl-transition  is  tt  to  it)  systems  at  the  fringes  of  the 
ultraviolet.  The  bond  angle  change  accompanying  this  transition  will  not  be 
as  pronounced  as  that  accompanying  the  lowest  energy  band  system,  however  the 
change  from  n-nonbonding  to  it— antibonding  character  should  result  in  a 
progression  in  the  dihalide  stretching  frequency.  Features  ascribed  to  this 
mode  have  tentatively  be  associated  with  the  observed  emission  spectra  (see 
also  Figures  6  and  7). 

Periodicity  of  Group  IIA  Dihalide  Formation 

"Near  'Single  Collision1  Studies  an A  Symmetry  Effects" 


The  Group  IIA  metal-halogen  molecule  reactions  involve  the  interaction  of 
metals  with  reasonably  low  ionization  potentials25  and  halogen  molecules  of 
high  electron  affinity.26  They  are  therefore  expected  to  proceed  via  an 
electron  jump  process  whereby  the  Group  IIA  atom  throws  out  an  electron  to 
harpoon  the  halogen  molecule,  forming  an  M*  X2"  complex.  The  data  presented 
in  Figures  1  and  2  obtained  under  near  single  collision  conditions1,7  (10-4  - 
10  6  Torr)  for  the  Ba-Cl2,  Ba-Br2,  and  Ba-I2  reactions,  exemplifies  the 
"continuum"  emissions  observed  for  the  Ca,  Sr,  and  Ba  reactions  with  Cl2, 

Br2,  and  I2.  The  spectra  are  dominated  by  dihalide  emission  features 

0 

extending  from  ^ 3000  to  6000  A.  The  apparatus  used  to  obtain  these 
experimental  results  has  been  discussed  elsewhere.1,7  In  contrast  to  the  Ca, 
Sr,  and  Ba  reactions  with  the  chlorides,  bromides,  and  iodides  which  yield  a 
spectrum  dominated  by  Group  IIA  dihalide  emission,  the  reactions  involving  F2 
are  strongly  dominated  by  emission  from  the  monofluorides.  Only  a  weak 
emission  continuum  is  observed  (3500-5000  for  the  magnesium  system  and  this 
emission  is  found  to  be  quadratic  in  the  fluorine  molecule  concentration. 

This  clearly  represents  an  important  periodic  trend  in  dihalide  formation.  In 
retrospect,  the  lack  of  a  notable  difluoride  emission  for  the  Mg,  Ca,  Sr,  and 
Ba  reactions  casts  suspicion  on  the  double  harpoon  mechanism  (3)  since  this 
reaction  sequence  easily  supplies  the  energy  necessary  (see  Table  I)  to  access 
difluoride  excited  states.  We  suggest7  that  these  characteristics  may 
result,  at  least  in  part,  because  the  fluorine  molecule  negative  ions  produced 
in  the  electron  jump  process  dissociate  much  more  rapidly  than  do  the 
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corresponding  Cl2 ' ,  **-.  or  ^  ions.  „ou.v«r,  w.  _  ^  note  ^ 

W  areas  0  H?2)  *  2D0°(MP),  the  atomization  energies  of  the  chlorides 
bromides  and  iodides  well  exceed  twice  the  metal  monohalide  bond  energy, 
important  syrmsetry  constraint  is  signaled  by  the  intensity  of  the 

ssion  rom  the  dihalides  formed  in  the  reactions  of  Ca,  Sr  and  Ba  wth  rh 

mixed  halogen  molecules  IBr  and  IC1  This  i  m  ’  the 

IC1*  Thls  ia  ^luatrated  in  Figure  2  where  we 

These'6  t°t‘1  mT  *"  ^  +  ^  +  IBr'  *"d  B*  +  >‘2  reaction  system. 

Th  e.  teens,  which  demonstrate  .  much  weaker  mission  for  het.ronucl.ar 

halogen  molecule  reaction,  were  taken  under  th.  a™  reaolution  and  with 

near  y  .ntic.l  halogen  pressure,  and  metal  t«m  flutes .  Similar.  if  „„t 

;:r;  “•  rlts  h~  ^  obs,rv*d  uh“ “w «*-  tri-,ro„Pi„»s 

2-  I«.  and  I2.  Me  will  augg.at  that  th.  do-leant  intensity  for  the 

to  rn  ?  ““  12  r“Cti0n!'  r““ltS  b*C*“'  °f  th*  C*-  "action  path  available 
th.  hooonuclear  but  not  accea.ibl.  to  th.  het.ronucl.ar  halogen  reaction. 

The  availability  of  thi,  C2v  reactive  gentry  (conical  intersection)  prices 

cited  state  dihalid.  formation  for  M  +  X2  but  not  M  +  XX  reactive 

encounters.  Ib.se  effect,  can  certainly  be  vilest  in  the  c.Ui.ional 

While  <2>  bUt  ^  ln  th*  tU<1  >t,P  htrpoon  “chaaira  (3). 

Whrl.  the  difference  in  continue.  intensity  is  ,uit.  pronounced  for  the  barium 

reactions,  thi,  difference  decrease,  for  the  strontium  action,  and  is  almost 

«ut.d  for  calcium.  Thi,  behavior  is  consistent  with  the  electron  jump  model 

and  an  increasing  characteristic  velocity  at  the  curve  crossing  region 

assocrated  with  an  M  +  X2  -»  M*  +  X2”  "outer  harpooning-  pr0c.„  also 

following)  which  diminishes  th.  coupling  (cross  section)  ,„r  th.  interaction 
Of  the  M  +  x2  and  M+  +  X2"  curves. 

"Multiple  Collision  Relaxation  Studies'* 


1 


The  eoccesaful  ..tension  of  the  low  pressure  studies  outlined  above,  in  a 
controlled  manner,  using  primarily  helium  buffer  gas,  provide,  the  a. an,  to 
collisionelly  relax  the  dihalid.  continuum  so  as  to  reveal  what  appear  to  be 
three  discrete  band  systems.  This  is  ,  key  ,t,p  l„  th.  unraveling  of  th. 
dynamics  of  these  systems.  Ihusf.r,  w.  have  successfully  th.  COntin- 

uou,  emission  future,  associated  with  th.  Ca-Cl2.  Ca-Br2,  Sr-Cl2,  Sr-Br2, 
Sr-I2.  and  Sr-ICl  reactive  encounters.  The  overview  spectrum  depicted  in 
Pig.  4  for  the  Sr  +  Br2  combination  is  exemplary.  The  lower  energy  system 
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(feature),  which  extends  from  the  fringes  of  the  ultraviolet  through  the 
visible,  is  dominated  by  a  long  progression  in  the  SrX2  bending  mode.  This  is 
clearly  apparent  in  the  SrCl2  emission  spectrum  depicted  in  Figure  5.  The 
observed  feature  most  likely  corresponds  to  a  *B2  ((la2)2(4b2)(6a1))  ■* 

X  1A1((la2)2(4b2)2)  transition  which  correlates  in  linear  configuration  to 


the  „  -  Eg  transition  involving  the  Og  and  ttg  molecular  orbitals  (Fig.  3) 

i*  .  «  . 
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For  all  of  the  reactive  combinations  studied  thusfar,  we  find  that  both  Group 
HA  ®etal  and  halogen  molecule  collisions  effectively  quench  this  feature,  a 
fact  which  is  not  surprising  in  view  of  the  anticipated  longer  lifetime 
^xradiative^  associated  with  the  excited  state  emitter.  We  will  want  to 
improve  our  methods  for  exciting  and  observing  this  band  system  while 
expanding  the  grid  of  collision  partners  considered  to  barium  based  reactive 
encounters.  This  will  require  some  considerable  care  as  the  increased  density 
of  states  associated  with  the  barium  halides  certainly  can  lead  to  a  more 
efficient  quenching  process  even  with  the  decreasing  radiative  lifetime 
expected  for  the  lowest-lying  barium  dihalide  states  (xrad(BaF2)  < 
xrad^BaC12^  <  xR(BaBr2)  <  xR(BaI2)).  It  should  be  noted  that  the  expected 
trends  in  the  barium  dihalide  radiative  lifetimes  appear  manifest  in  the 
pressure  dependent  behavior  of  the  observed  low  pressure  ( 10-4  -  10"6  torr) 
emission  continua.2 

The  more  clearly  resolved  higher  energy  band  system  depicted  in  Figure  4, 
and  displayed  in  greater  detail  for  the  Sr  +  Cl2,  Sr  +  Br2,  and  Sr  +  IC1 
reactive  encounters  in  Figure  6,  would  seem  to  correspond  to  one  of  the 
allowed  1B2((la2)(4b2)2(2b1)  or  (la2)2(4b2)(7a1))  -  X  *Aj  transitions  which 
correlate  in  linear  configuration  to  the  allowed  1nu  -  1X_+  transition 

w 

involving  the  ttu  and  irg  molecular  orbitals  (Fig.  3).  This  transition,  which 
in  absorption  would  involve  primarily  a  change  from  Sr-X  nonbonding  to  Sr-X 
antibonding  character,  should  be  dominated  by  progressions  in  the  SrX2  or  SrXY 
stretching  modes.  The  frequency  separations  between  the  observed  features  are 
consistent  with  this  suggestion.2 


Support  for  a  Collisionally  Stabilised  Dihalide  Complex 

The  results  we  have  obtained  in  our  study  of  the  Sr-ICl  system  (Fig.  6) 
and  the  mixed  Sr  -  Br2  +  Cl2  system  (Figure  7)  are  particularly  significant 
for  they  demonstrate  that  the  observed  dihalide  emission  results,  in  large 
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part,  from  the  coUlsional  stabilization  process  (2).  If  the  two  step  double 
harpooning  mectunism  (3)  eere  to  be  operative,  the  combination  of  Sr-ICl  and 
SrX-ICl  reactive  encounters  should  produce  SrCl2,  SrICI,  and  Srl2  Mission 

”‘th  the  dlchlori'le  clearly  dominating  that  for  the  mixed  halide  and 

sn2.  If  the  collisional  stabilization  mechanism  is  operative,  the  observed 
emission  spectrum  will  correspond  to  the  SrICI  complex  formed  in  a  dynamically 
constrained  (see  following)  electron  jump  process. 

The  reaction  of  strontium  with  Cl2  +  Br2  mixtures  of  varying  relative 
chlorine  and  bromine  concentration  should  produce  emission  from  SrCl2,  SrBrCl, 
and  SrBr2  if  the  two  step  double  harpooning  mechanism  (3)  is  operative.  If 
the  highly  efficient  collisional  stabilization  process  (2)  is  operative,  the 
observed  spectra  should  consist  of  the  sum  of  only  SrCl2  and  SrBr2  emissions 
varying  with  relative  Cl2  and  Br2  concentration. 

A  study  of  the  Sr-ICl  reaction,  with  its  attendant  synmetry  based  dynamic 
constraint,  can  be  difficult  for  vibrationally  excited  SrCl  molecules  produced 
from  the  relaxation  of  emitting  SrCl  electronically  excited  products  which  can 
react  with  IC1  in  a  sufficiently  exothermic  process  to  produce  an  SrCl2 
emission  feature.  In  fact,  under  certain  conditions,  the  observed  spectral 
signature  can  be  contaminated  by  SrCl2  (A-X  Fig.  5)  formed  via  the  reaction  of 


a  thermalized  ground  state  SrCl  product  with  IC1.  It  is  also  relevant  that 
ultraviolet  spectrum  in  Figure  6  corresponds  to  one  of  the  "allowed"  SrX2  B^ 
-  X  Aj  transitions  and  therefore  should  display  a  minimal  difference  between 
the  transition  moments  for  the  SrX2  (X-Cl.Br)  and  corresponding  SrXY  (XY-IC1) 
emitters.  We  have  observed  a  dominant  emission  corresponding  to  the  SrICI 
complex  both  in  the  B-X  region  depicted  in  Fig.  6  and  at  higher  energies 
corresponding  to  a  C-X  band  system  which  can  be  populated  by  the  more 
exothermic  IC1  reaction.  The  spectrum  in  Fig.  6  does  show  some  Cl2 
contamination  for  the  higher  temperature  conditions  (higher  Sr  flux)  under 
which  the  three  spectra  in  the  figure  were  obtained  however,  the  dominance  of 
the  SrICI  emission  system  is  apparent.  This  dominance  demonstrates  the 
probable  formation  of  SrICI  in  a  collisionally  stabilized  direct  reactive 


encounter. 

The  collage  of  spectra  in  Fig.  7  which  are  obtained  for  varying  mixtures 
of  Br2  and  Cl2  correspond  to  sums  of  emission  features  resulting  exclusively 
from  the  dichloride  and  dibromide  with  no  evidence  for  the  mixed  halogen 
(SrBrCl)  emitter.  This  is  especially  significant  when  we  note  that  the  sum  of 
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both  SrCl  and  SrBr  emission  features  characterize  the  monohalide  emissions 
for  all  of  the  chlorine  -  bromine  mixtures  (compare  to  Sr+Cl2  (top)  and  Sr+Br2 
(bottom))  considered  in  Fig.  7. 

These  results,  which  demonstrate  the  utility  of  combining  near  single 
collision  and  multiple  collision  chemiluminescent  studies,  are  fundamental  to 
our  assessment  of  the  electron  jump  process  leading  to  excited  state  dihalide 
formation.  They  strongly  suggest  the  probability  that  the  extremely 
efficient  collisional  stabilization  mechanism  (2)  is  the  dominant  means  of 
fonning  the. dihalide  excited  state.  This  conclusion  is  also  further  supported 
by  the  lack  of  a  continuum  emission  associated  with  the  fluorine  based 
reactions  which  should  also  yield  dihalide  emission  if  the  two  step  double 
harpooning  mechanism  (3)  is  operative. 

The  implication  of  these  results  is  broader  for  it  suggests  that  the 
extent  of  interaction  of  these  high  temperature  molecular  complexes,  as  they 
form,  considerably  exceeds  that  which  we  normally  associate  with  collisional 
stabilization  and  energy  transfer  processes.  High  temperature  molecules  in 
electronically  excited  states  or  in  high  vibrational  levels  of  their  ground 
electronic  states  simply  are  capable  of  much  longer  range  interactions.  It  is 
important  that  we  understand  the  formation  and  interaction  of  these  species 
for  this  must,  in  the  final  analysis,  contribute  strongly  to  the  behavior  of 
systems  operating  under  extreme  conditions.  A  neglect  of  these  phenomena  in 
models  of  combustion  or  propulsion  systems  renders  these  models  unrealistic. 

A  Symmetry  Constrained  Electron  Jump  Process 


As  we  have  noted,  the  low  Group  IIA  metal  ionization  potentials  and  the 
high  halogen  electron  affinities  suggest  that  the  Group  IIA-halogen  molecule 
reactions  proceed  via  an  electron  jump  process  wherein  the  metal  atom,  M, 
throws  out  an  electron  and  harpoons  the  halogen  molecule,  X2,  to  initiate 
reaction.  The  relative  intensities  of  the  continuum  emissions  observed  for 
homo-  and  heteronuclear  halogen  reactions  can  be  understood  within  the  model7 
using  the  correlations  outlined  in  Table  III  and  extrapolating  on  the  simple, 
yet  elegant,  (Fig.  8)  arguments  of  Menzinger15  used  to  explain  metal 
monohalide  chemiluminescent  emissions  from  the  fluorine  and  chlorine  molecule 
reactions. 

Reactions  to  produce  the  dihalide  are  thought  to  proceed7  through  an 
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electron  jump  "outer  harpooning"  process  involving  the  interaction  of  the  M  + 
X2  (|1>  in  Pig.  8)  covalent  and  M+  +  X2*  (|3>  in  Fig.  8)  ionic  curves.  For  a 
Cs  or  collision  geometry,  this  process  involves  the  strong  coupling  of 
A'  or  I  covalent  and  ionic  potentials  (Table  III)  of  the  same  symmetry 
leading  to  an  avoided  crossing,  harpooning,  and  formation  of  the  ground  state 
metal  halide.  However,  if  the  collision  geometry  is  of  C2v  symmetry,  the 
symmetry  species  of  the  covalent  and  ionic  curves  (Table  III)  are  *AX  and  ifi, 
respectively  and  the  curves  for  the  two  states  intersect.  It  is  through  this 
intersection  and  a  range  of  approach  angles  within  a  cone  of  acceptance  around 
the  X2  bisector27  that  the  system  slips  past  the  "outer  harpooning"  region 
corresponding  to  the  |l>|3>  crossing  (Fig.  8)  and  gains  access  to  the  "inner 
harpooning"  region.  The  crossing  involving  the  ionic  configuration  |3>  and 
the  doubly  ionic  configuration  )5>  (Table  III  and  Fig.  8)  will  be  avoided  as 
the  I 3> | 5>  interaction  between  these  curves,  of  the  same  synmetry,  is  thought 
to  be  significant.  Access  to  the  "inner  harpooning"  region  thus  promotes  an 
avoided  crossing  leading  to  the  chemiluminescent  channels.7*12  The  low 
statistical  weight  of  the  near  C2v  collisions  is  partly  responsible  for  the 
low  chemiluminescent  quantum  yields  in  these  systems.  For  the  M+XY  reactive 
encounters,  which  cannot  access  a  C2v  collision  trajectory,  the  outer 
harpooning  process  must  always  correspond  to  an  avoided  crossing  which  shields 
the  channel  for  chemiluminescent  product  formation.28  However,  as  the 
characteristic  velocity  at  the  ionic-covalent  crossing  region  increases  in 
traversing  the  Group  IIA  metals  from  Ba  to  Ca,  the  symnetry  effect  which  is 
clearly  apparent  in  Fig.  2  diminishes. 


Although  this  model  qualitatively  explains  the  observed  trends  in 
dihalide  emission  intensity,  further  detailed  calculations  of  the  couplings  at 
the  avoided  crossing  regions  will  be  needed  to  place  these  arguments  on  a  more 
quantitative  base.  These  calculations,  which  will  also  rely  on  the 
spectroscopic  parameterization  obtained  from  the  dihalide  spectra  exemplified 
in  Figures  5-7.  The  calculations  are,  of  course,  best  accomplished  following 
some  initial  effort  to  parameterize  dihalide  electronic  and  vibronic  structure 
from  our  observations  of  the  optical  signatures  associated  with  the  dihalides 
(energy  levels,  radiative  lifetimes,  differential  bond  angle  changes)  all  of 
which  also  serves  an  important  purpose  for  the  refinement  of  ionic  models. 
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CHEMICALLY  INDUCED  RAMAN  PUMPING 


In  studying  the  reactions  of  small  supersonically  cooled  sodium  molecules 
(Nan,  n-2,3)29*38  with  halogen  atoos  (X-ci,Br,I),  we  have  recently 
demonstrated  the  existence  of  population  inversions  associated  with  the 
electronically  excited  Na2  products  of  the  Na3  +  Br  reaction.  In  an  extension 
of  these  experiments  to  develop  a  long  path  length  amplifying  medium,  we 
discern,  for  the  first  time,  the  Raman  pumping  of  Na2  in  the  absence  of  an 
external  light  source.  We  observe  a  series  of  Raman-like  Stokes  and  anti- 
Stokes  features  which  (1)  are  associated  with  the  lowest  vibrational  levels  of 
Na2,  (2)  correlate  with  a  scattering  process  involving  the  Na  D-line 

components  (Na  3p2P 3/2>1/2  -  3s  2S1/2)  created  in  the  chemical  reaction 
sequence 


Na2  +  Br  -*  Na*  (3p  2P)  +  NaBr 
Na*  (3p  2P)  -»  Na  (3s  2S)  +  hv 


(4) 


(3)  are  not  readily  generated  by  light  scattering  due  to  an  external  laser 
light  source,  and  (4)  appear  to  be  enhanced  by  the  environment  of  the  reaction 
zone  itself.  The  D-line  emission  is  scattered  by  cooled  sodium  dimers  (Na2) 
formed,  as  a  result  of  supersonic  expansion,  in  the  lowest  vibrational  levels 
of  the  Na2  ground  electronic  state.  Multiple  Stokes  and  anti-Stokes  features, 
assigned  as  resonance  Raman  progressions  are  well  simulated  on  the  basis  of 
the  resonance  Raman  effect.31*32  However,  the  scattering  linewidth,  T, 
associated  with  the  present  process  is  determined  to  be  close  to  4  cm"1. 

This  result  suggests  an  unusually  fast  resonance  Raman  scattering  process 
which  appears  to  be  chemically  enhanced. 


Outline  of  Extended  Slit  Source  Sodium  Expansion  Configuration 

We  have  generated  high  sodium  atom  and  dimer  fluxes  using  an  extended 
slit  source  configuration  which  is  described  in  detail  elsewhere.8*33  Using  a 
dual  oven  configuration,  we  produce  a  supersonically  expanded  flux  of  alkali 
vapor  through  a  tantalum  slit  nozzle  0.003"  wide  by  two  inches  in  length. 

With  an  independently  heated  stagnation  chamber  (850-900K)  and  frontal  nozzle 
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expansion  channel  (900-950K),  we  produce  a  near  planar  flow  of  primarily 
sodium  atoms  and  internally  cooled  sodium  dimers. 8, 33  This  sodiuffi  flux  ... 
intersected  at  variable  angles  from  above  and  below  by  two  nearly  planar  but 
diverging  bromine  atom  flows,  emerging  from  slits  machined  into  graphite  tube 
furnaces,  operated  at  temperatures  in  excess  of  1700K  to  insure  a  95+Z 
conversion  of  bromine  molecules  to  bromine  atoms.  At  the  significant  reactant 
fluxes  necessary  to  generate  a  strong  Raman  scattering  signal,  the  absolute 
number  density  of  bromine  atoms  in  the  reaction  zone  is  conservatively 
estimatedS  at  between  10“  and  lO1*  o»-3  whereas  the  absolute  number  density 
of  sodium  dimers  may  exceed  lO1^  cm-^. 

The  optical  signature  of  the  long  path  length  sodium  molecule-bromine 
atom  reaction  zone  is  focused  onto  the  entrance  slit  of  a  SFEX  1704  scanning 
monochromator  coupled  to  an  RCA  1P28  photomultiplier  tube  (PMT) .  The  PMT  is 
maintained  at  x 1000  volts  and  the  response  current  is  sent  through  an  IEEE 

interfaced  autoranging  picoammeter  (Keithley)  to  an  IBM  compatable  AT  class 
microcomputer . 

We  have  attempted  to  reproduce  the  Raman  signal  created  following  the 
reaction  sequence  (4)  by  resonantly  pumping  the  sodium  expansion  with 
external  laser  light.  Intensity  stabilized  broadband  (multimode)  laser  light 
(  ^1  W)  from  an  argon  ion  laser  (Spectra  Physics,  model  171)  at  4765  X  and 
4880  X  and  dye  laser  light  (  M00  mW)  at  5890  X  and  5896  X  (argon  ion  pumped 
R6G)  was  frequency  chopped  and  passed  through  the  expansion  zone  in  an 
unsuccessful  effort  to  generate  a  Raman  scattering  signal  similar  to  that 
observed  from  the  chemical  reaction  pumping.  The  frequency  content  of  the 
emergent  beam  was  again  monitored  with  a  monochromator -PMT  combination.  The 
PMT  response,  detected  with  a  phase  sensitive  amplifier,  was  digitized  and 
stored  in  an  IBM  AT-class  microcomputer. 


Cheaicilly  Induced  Resonance  ««  Puaplng 

There  are  several  near-resonant  rovibronic  transitions  associated  with 
the  and  the  A*EU+  states  of  Na28>33  and  the  atomic  eoission  from  the  Na 

D-lines,  “>P1  and  wp2  (2P3/2  +  2S1/2  @  16973.379  ^-1  ^  2p1/2  _  2^^  @ 
16956.183  cm"1)  which  may  be  responsible,  in  large  part,  for  the  unusually 
intense  optical  signature  depicted  in  Figure  9.  The  spectrum  in  Figure  9  was 
taken  at  a  resolution  of  M2  X.  The  relative  intensity  of  the  strong  sodium 
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dimer  B  ■*  X  chemiluminescence  to  the  even  stronger  Raman-like  emission 
features  symmetrically  surrounding  the  Na  D-line  is  readily  apparent.  The 
frequency  separation  between  adjacent  Stokes  (anti-Stokes)  features 
corresponds  closely  to  155  cm"1,  correlating  with  the  separations  between  the 
lowest  sodium  dimer  ground  state  vibrational  levels.  We  have  found  that  these 
features  cannot  be  made  to  fit  a  resonance  fluorescence  series  but  can  be 
confidently  assigned  to  Stokes  and  anti-Stokes  bands  associated  with  a 
resonance  Raman  progression.8*33 

Evidence  suggestive  of  a  Raman  process  is  also  detailed  in  the  spectrum 
of  Figure  10  taken  tinder  equivalent  reaction  zone  conditions.  The 
intermediate  resolution,'''  1.5  X,  at  which  this  spectrum  was  obtained  is 
sufficient  to  clearly  resolve  the  atomic  sodium  ^P3/2‘^i/2  D-line  splitting 
(  ^17.2  cm"1)  and  the  relative  intensities  of  each  of  the  sodium  D-line 
components  are  clearly  evident  in  the  scattered  Raman  emission.  Furthermore, 
the  frequency  separation  of  these  atomic  line  components  is  clearly 
reproduced  (within  the  experimental  resolution  of  the  scan)  in  both  the 
vibrational  Stokes  and  anti-Stokes  features  of  the  scattering. 

We  have  successfully  modeled  the  group  of  features  symmetrically 
surrounding  the  Na  D-line  with  the  resonant  Raman  intensity  expression.8*31"33 


32n Vr,  -  NU.-ii'.. 

Is(vG,  Je,  Vr,  Jr)  =__f-i«(5o)  •«  «  »(v„> 

9  c  h 


■e( 

VJr  V 


35,  S 


+2S.  S 


|(y,[yJ)(yf|yg)|2\ 
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where  Is  is  the  total  intensity  for  a  scattered  Stokes  or  anti-Stokes  line  as 
a  function  of  frequency,  and  pump  intensity,  Ip,  and  c  is  the  speed  of 
light.  We  consider  transitions  from  an  initial  rovibrational  ground 
electronic  state  of  the  Na2  molecule  labeled  G  to  some  final  rovibrational 
electronic  ground  state  labeled  F  through  an  intermediate  excited  electronic 
state  labeled  I  where  uGI  and  u.Ip  represent  the  rovibronic  energy  difference 
between  the  G  and  I  and  I  and  F  levels  and  r  refers  to  the  linewidth  arising 
from  all  damping  phenomena.  The  Sj  terms  correspond  to  the  appropriate  Honl- 
London  factors  for  the  Na2  A  V  ’  *  V  transition,*^  M(?0)  represents 
the  electronic  matrix  element,  expressed  as  a  function  of  the  normalized 
nuclear  coordinate,  C  -RWh)1^,  and  <vF|Vl>  and  <Vl|vG>  represent  Franck- 
Condon  overlap  integrals.  We  have  included  a  thermal ized  ground  state 
rotational  distribution  and  a  ground  state  weighting  function  N(vG),  which 
represents  the  deviation  from  a  Boltzmann  distribution.  We  also  allow  pumping 
due  to  each  component  of  the  sodium  D  line,  (“P1(2P3/2)  and  wp2(2P1/2)),  to 
contribute  to  the  scattered  emission  intensity,  Ig.  Here,  the  2P3/2:2P1/2 
intensity  weighting  resulting  from  the  reaction  populated  D-line  components  is 
3:2,  as  determined  from  the  experimental  spectrum. 

Numerical  calculations  were  carried  out  by  allowing  the  near-resonant 
atomic  sodium  transitions,  wpi  and  wp2,  appropriately  broadened,  to  pump  the 
first  thirty  levels  in  the  Na2  X  state  to  the  first  seventy  levels  of  the 

Na2  A  Eu+  state.  De-excitation  from  the  upper  electronic  state  was  allowed 
to  proceed  to  the  first  thirty  levels  of  the  ground  state.  Rotational  levels 
J",J'  -  0  to  120  were  included  with  each  vibrational  level  of  both  the  excited 
electronic  A  1EU+  state  and  the  ground  electronic  X  1Eg+  state  of  the  sodium 
dimer  scatterer.  Each  simulated  spectrum  produced  in  the  modelling  program 
was  also  convolved  with  a  gauss ian  function  to  approximate  the  effects  of  a 
finite  spectrometer  slit  width. 

The  data  in  Figure  11  depicts  the  fit  to  the  vibrational  structure 
surrounding  the  Na  D-line  for  reaction  with  a  pure  sodium  expansion.  This  low 
resolution  ( -v  12  X)  vibrational  Raman  spectrum  does  not  correspond  to  a 
thermalized  vibrational  distribution  but  rather  to  a  non-Boltzmann  vibrational 
distribution.  The  modeled  spectrum  closely  matches  the  experimental  scan  and 
also  provides  a  consistent  fit  to  higher  resolution  spectra.  Although  the 
rotational  population  distribution  may  be  non -Boltzmann,  we  find  that,  with  an 
effective  rotational  temperature  of  400K,  we  are  able  to  obtain  close 
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agreement  between  experiment  and  calculation.  This  suggests  that  only  slight 
modifications  from  a  thermalized  distribution  will  be  necessary  to  exactly  fit 
the  rotational  features.  There  are  several  possible  sources  for  the  deviation 

of  the  Raman  scattering  features  from  a  thermalized  vibrational 
distribution. 8*  33 

A  higher  resolution  scan  (  ^0.4  X)  of  the  first  Stokes  and  anti-Stokes 
features  is  depicted  and  computer  simulated  in  Figure  12,  based  again  on  the 
application  of  Equation  (5).  In  a  surprising  result,  we  find  that  a 
linewidth,  T  ~  4  cm  is  required  to  provide  optimum  agreement  between  the 
simulated  and  experimental  results  with  correlation  coefficients  exceeding 
0*^2  for  the  anti-Stokes  and  0.89  for  the  Stokes  features,  respectively.  A 
further  confirmation  of  the  required  linewidth  is  also  indicated  in  Figure  12 
where  we  compare  the  experimental  spectrum  to  T  *  4,  1,  and  0.1  cm-1 
simulations  based  on  Equation  (5). 

While  there  are  improvements  that  can  be  made  in  the  simulations  depicted 
in  Figure  12,  it  is  unlikely  that  simple  power  broadening  can  be  responsible 
for  the  large  effective  linewidth  indicated  by  our  spectral  simulations. 

Based  on  the  required  power  broadening  for  a  two  level  quantum  system  driven 
at  resonance,  we  estimate  that  an  electric  field  of  x 1.3  KV/cm  and  an 
absolute  power  density  of  ^0.215  MW/ cm^  is  necessary  to  produce  the  requisite 
spectral  broadening  of  4  cm-*. 

The  apparent  spectral  broadening  suggests  the  possibility  of  a 
scattering  lifetime  on  the  order  of  ,\,10”i^  seconds,  implying  a  process  which 
is  considerably  more  efficient  than  would  be  expected  on  the  basis  of 
resonance  Raman  pumping  involving  the  Na2  A-X  transition  (  -vlO"8  seconds  based 
on  the  radiative  lifetime^).  Several  additional  experiments  involving  the 
direct  pumping  of  the  sodium  expansion  in  the  absence  of  bromine  atom  reactant 
at  the  Na  D-line  frequencies  (argon  ion  pumped  R6G)  and  at  4765  X  and  4880  X 
using  a  multimode  argon  ion  laser,  failed  to  reveal  optical  signatures 
corresponding  to  those  depicted  in  Figures  9-12.  In  fact,  while  it  was 
possible  to  excite  laser  induced  fluorescence  corresponding  to  the  Na2  A-X  and 
B-X  band  systems  analogous  to  that  observed  previously, ^  although  at  somewhat 
higher  temperatures  in  the  present  experiments,  no  clear  Raman  features  were 
generated.  This  result  also  suggests  a  more  efficient  process  than  that 
associated  with  resonance  Raman  pumping. 

These  results  suggest  that  we  have  observed  more  than  a  "simple"  Raman- 
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like  scattering  process.  W.  night  consider  a  further  long  range  interaction 

of  the  el.ctronic.lly  ezcited  sodium  3p2p  .tons  with  those  Na2  molecules  which 
are  Raman  pumped,  an  interaction  of  the  Na2  molecules  with  the  Br  atoms  that 
induces  a  time  varying  enhancement  of  the  dimer  polarizability  (hyperpolariz- 
ability),  or  (less  likely)  the  presence  of  a  large  electric  field  created  due 
to  the  reactive  environment  in  the  vicinity  of  the  reaction  zone.  It  would 
appear  that  this  interaction  or  perturbation  is  long  range  and  leads  to  a 
highly  efficient  Raman-like  scattering  process. 

While  further  ezperiments  will  be  necessary  to  clarify  the  mechanism  for 
the  scattering  process,  the  long  path  length  reaction  zone  employed  in  these 
ezperiments  appears  to  have  revealed  the  manifestation  of  significant  long 
range  cooperative  phenomena.  The  moderate  Rydberg  character  of  the  Na  3p2P 
excited  state,  with  its  diffuse  electron  density,  may,  in  fact,  lend  itself  to 
a  considerable  long  range  interaction  inducing  cooperative  effects.  The 
assessment  of  these  cooperative  effects  awaits  further  study. 
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TABLE  I 


Geometry  of  Group  IIA  Dihalides 


Metal 


Halide 

F  Cl 


Be 


a 

t  l 


Mg 

Ca 


L 

b 


l 

l 


Sr 


b  b 


Ba 


b  b 


l,  linear;  b,  bent 


Table  II 


Determined  lead  b«r|lu  of  Group  X1A  Nona-  mi  Dtteildaa 


109 

73 

126 

94 

266(140°) 

214(160°) 

129 

96 

260(120°) 

211(140°) 

139 

104 

271(100°) 

220(120°) 

(36) 

(45) 

73 

62 

116(160°) 

133(180°) 

79 

64 

169(160°) 

135(160°) 

63 

72 

197(130°) 

166(160°) 

tha  upper  value  earreapoada  ta  the  aatai  aoaehallda  lead 
lower  value  earreapoada  to  that  far  the  aetel  dihellde. 
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Figure  3 :  Correlation  Diagram  for  BeF^ 
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Figure  4:  Multiple  Collision  SrBr2  Chemiluminescent 


Figure  5:  Multiple  Collision  Chemiluminescent 
Spectrum  for  SrCl2 
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Figure  6:  Multiple  Collision  Chemiluminescent  Emission  Spectra 
for  SrCl2>SrBr2,  and  SrICl.  See  text  for  discussion. 


Figure  7:  Multiple  Collision 
Chemiluminescent  Spectra  for 
Reactive  Mixtures  of  Sr  Meta' 
Cl2  and  Br2*  See  text  for 
discussion? 
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Figure  8 

Correlation  of  electron  configurations  for  Group  IIA  metal  (M)  - 
Halogen  molecule  (X2)  reactive  encounters. 
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Wavelength  (A) 


Figure  9 

Survey  spectrum  of  chemiluminescent  emission  and  Raman  scattering  from  various 
electronic  states  of  diatomic  sodium.  The  Na:  2>n,->l%  transition  corresponds 
Tl„a~t875KrtTtriP~e935K)ind'free  CXCimer  like  ertlission  process.  (Res.  -  12  A, 


XI  _  Ground  State  Vibrational  Distribution 

Na  D  line  j  (Solium  Dimer,  v"  =  0-30) 
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Figure  12 

High  resolution  spectrum  <-  0.5  A)  and  simulated  spectra  for  T  =  0  1 
1,  and  A  cm  demonstrating  the  marked  improvement  in  the  fit  to  the  ' 
?£edis^ionaman-like  fSatUreS  increasing  values  of  f?  Softer, 
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Chemically  Induced  Processes  Evidencing  Raman  Gain 


David  R.  Grantier, 

Peter  M  Medley, 
and 

Janies  L.  Goie 

Georgia  Institute  of  Technology,  School  of  Physics 
Atlanta,  Georgia  30332 


ABSTRACT 

.^rn  Thc  sc,cctive  N*3  *  X  (Cl,  Br,  0  reactions  have  been  shown  to  create  a  continuous 
electronic  population  inversion  based  on  the  chemical  pumping  of  Na*.  Optical  gain  through 
undated  emission  has  been  demonstrated  in  regions  close  to  527, 492,  and  460  run  (a  =  t*  W3 
cm  for  an  individual  rotational  level  at  -  527  ran).  A  device  has  been  constucted  with  a  focus  to 
increasing  amplifier  gain  length  and  amplifying  medium  concentration  based  on  the  controlled 

Z^T***?*  eXpanded  SOdium  4nd  ltt,08cn  "o™  *****  The  interaction  forms 
an  extended  reaction-amplification  zone  centered  on-axis  in  an  optical  cavity  thus  facilitating  th* 

conversion  of  the  observed  amplifiers  to  chemical  laser  oscillators.  Initial  results  with  this 

upscaled  device,  where  the  sodium  metal  expanded  in  both  pure  and  seeded  supersonic  exoansion 

^^tHERsTJT'  “T  aow'  prTie  the  fim cawplt  Siuw 

scattering  (CHE RS).  Unique  Raman  signals  are  induced  by  and  correlate  with  emission  from  the 

nmPOnentS  fonned  '!Lthe  Chemicd  rCKtl0n  2006  P™™*  as  »  result  of  the  Na,  +  Br 
"  N  NaBr  reactlon,  cannot  be  readily  generated  by  light  scattering  due  to  an  external  Hah t 
source,  and  appear  to  be  enhanced  by  the  environment  of  the  reaction  zone  itself  The  Na  D-line 
eminent  internet  with  cooled  sodium  dimers  in  a  resonance  Raman  severing  proc^Tfo/wLch 
computer Junihtmu  suggem  .  Bering  Md*.  r-4  cm'  These  meute  unu“  ly 

Pr0C*“  which*P(>«n  to  be  chemiaUy  entunced  me  results  of 
uutial  double  pass  gain  measurements  suggest  that  a  stimulated  Raman  process,  similar  to  that 
assoaated  with  optically  pumped  alkali  dimer  lasers,  has  been  observedP 


“  1,1  "VMI„  1  1U!> 

sod, urn  -X  -“°N^°  x^ciTT™!^  *%* 

N“‘S»ofU^  Nt^reW™1 to  r^^inV^®-^^™^',l>,“h“*d 

•eactive  environme  the  absence  of  a- external  I,  t  itw^”' bT^*'^.'"  *  PUf!1'  'mcal 

sy  „ih  r0“k".fTFT w'  isr- 

created  in  the  chemical  reaction  sequence  *  ”  3,11/5  JS  ^1/2) 

Ns2*Br  -  N*'(3p2P3/2 A/2)  .NsBr 

Sa'{3P2p„2.u2'  -«■  (3a25x/2).hv  (1) 

but  are  not  readily  generated  by  light  from  an  external  laser  tuned  to  th*  v. 

^^B^'ssSBsSraaS? 

«ud.ea  in  which  amplification  hu  bee.  obsWon^Tthe  “L8"" 

3^,2^  *“  «“«*  Z*~ 

be  chemically  enhanced  u“i’u*"y  resonance  Raman  scattenng  process  whtch  appevs  ,o 


Z.  EXPERIMENT. I 

i.  -^sSs^CJr  ^,ow=e^,ot^r“  ”  «*«*  ^“si°" 

«  more  complete  tfecLon,^  be  *  bnrf ' i“cnpft0"  of ' **  W*™5 

suo«rsold^TiS?8n*,i0\"C  :'°"“1  "°“le)  5>*OT  •>“  b-»  d«gned  to  produce  a 
supersotuc  flux  of  alltab  vapor  through  a  slit  nozzle  approximately  0  OOVwide  by  two  inches  in 

^roOOS-  tantalum p^paretf  mZ5 S 
of  *. tSX? ^  verdted  for  ^curacy  accrosa  the  length 


950,0  (850*900K)  nozzle  expansion  channel  (900- 

50K)  are  heated  independently  Expansion  from  the  slit  source  produces  a  near  planar  flux  at 

e  reaction  region  consisting  primarily  of  sodium  atoms  and  vibrationally  and  rotationallv  cooled 
dimers  In  the  reaction  region,  the  sodium  flux  is  intersected  from  above  aTd  bLlow  at  viable 
angles  by  two  diverging  near  planar  flows  of  monatomic  bromine ,  emerging  from  slit  sources 
produced  by  themial  dissociation  m  a  graphite  tube  furnace  (T>  1 700K).  In  this  temperature 
range,  the  bromine  should  be  greater  than  95%  dissociated. ,J  At  the  significant  reactant  fluxes 
necessary  to  generate  a  strong  Raman  scattering  signal,  the  absolute  number  density  of  bromine 
atoms  in  the  reaction  zone  is  conservatively  estimated  at  between  10w  and  10,J  cm'3  whereas  the 
absolute  number  density  of  sodium  dimers  in  the  reaction  zone  may  exceed  10“  cm 3 


alkali  slit 
expansion  source 


in-situ 
translation 
control  for 
alkali  source 


Nat-Br  Reaction 
Zone 


viewing  window 

graphite  furnace  for 

_ _  atomic  halogen 

!il  production 

to  Pump 


optical  cavity  encompassing  extended  LI 
path  length  reaction  zone 


Figure  1 

Schematic  ofslit  supersonic  alkali  cluster  source  and  associated  atomic  halogen  deUveiy  systems  See  text 


The  emission  resulting  from  the  sodium  molecule-bromine  atom  reactions  is  focussed  onto 
the  entrance  slit  of  a  SPEX  1704  scanning  monochromator  coupled  to  an  RCA  1P28  photo¬ 
multiplier  tube  (PMT).  The  PMT  is  maintained  at  -1000  votes  and  the  response  current  is  sent 
through  an  IEEE  interfaced  autoranging  picoammeter  (Kehhley)  to  an  IBM  comparable  AT  class 
microcomputer. 


We  have  also  attempted  to  reproduce  the  Raman  signal  created  following  the  reaction 
sequence  ( 1)  by  resonantly  pumping  the  supersonically  expanded  sodium  dimers  (in  the  absence  of 


TSTa-o™  “  br0ldb"d  (mul,im0d'> 

and  dye  laser  light  f-  100  mW)  at  5890  A  and^Q*  A  \  ^  l?l* *  4765  ^  411(1 4880  A 
chopped  and  passed  through  the  reaction  zone  in  an  '°n  pumpcd  R6G)  was  frequency 

simtlar  to  that  observed  from  the  chemicaJ  reaction  pumping  T^ffr^*  R*man  ScatterinS  si8nal 
emergent  beam  was  again  monitored  udtk  .  PumP'ng.  The  frequency  content  of  the 
response,  detected  *^  combination  The  PMT 

microcomputer  However,  no  Raman-like  T"e  gSeT  ***  “  ®M  AT'dass 

hidd^  r:r:;  sr-  ™nd  r  rion 

experiments,  a  laser  beam  from  a  He-N  r  laser  (used  for  alignment!  •  !?• Br  I*,5*?™  In  these 
adjustable  aperture  and  the  reaction  zore,  impinging  on  a  *  SmaJI 

alignment  of  the  reflector,  the  beam  is  subseou^^refl^.!^8?  *flector  By  “Suiting  the 

insuring  that  the  normel  to  the  refleaor  is  feed  JnM  to  the^ti^~the»TTir'-  ‘h'“ 
lens  of  focal  length  12  cm  is  nlaceri  .w*P  th€  reaction  zone.  A  light  gathering 

to  focus  the  reflected  light  from  the  He-Ne  User  ^Ttta  *p?mire  "  order 

in  this  manner,  we  insure  that  the  ootical  svstem  r».Wt.  5*^“? _J*y  esubllshin8  th«  geometry 
radiation  parelte!  to **“  ^  «<*  *“W>  only 

the  “° *  W. 

itself  is  narrowed  to  wroi™ST«T  »  ZZT!"  ‘  T*  wMt  *•  *P«« 

intensities  measured  with  the  Mtfreflector  btod^d  ,0U‘,’U,  “*ht 

rne«ured  with  the  same  reflector  open  to  the  reaak^^S,,^, 
can  be  reflected  from  thu  flat  mirrorand  subsequently  °n'*XI’  ,r>dia"°n 

with  an  unblocked  mirror  (LJ  to  that  observed^th  •  n^unum  Intensjty  observed 

two  (neglecting  any  ^ 00 *"*  «“• 

losses  caused  bv  either  the  medium  i  -j  *”*  *Ct™e  me^Juin  *ny  absorption/scattenng 

observ^of^rr^T^  Z??  IT*  “  **"”>  Therrfore,  the 

reaction  mediumtoowwme^mM  ZHEg  * 

3^55  the  reaction  medium  typ.c^  absorb 

3JIESULTS  Avn  YffFff 

AT*  rovibronic  transitions  associated  with  the  XT*  and  the 

A  ***  *** atoatte  otnasion  from  the  Na  D  tinea,  (JP„~,S  (3  16971 170  r*™  ' 

and  (3  iaq«x  iat  w  .  •*■'**«*.  ioy/j.379cm 

urgepik  “ 
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Wavelength  (A) 


Figure  2 

Survey  spectrum  of  chemiluminescent  emission  and  Raman  scattering  from  various  electronic  states  of 
diatomic  sodium.  The  Nij  2iIII  -  l*i;  transition  corresponds  to  a  tnpiet-triplet  bound-free  excimer-like 
emission  process.  (Resolution  -  12  A,  -  875K,  T  .  -  935K) 

The  spectrum  in  Figure  2  was  taken  at  a  resolution  of -12  A.  The  relative  intensity  of  the 
strong  sodium  dimer  B  -  X  chemiluminescence  to  the  even  stronger  Raman-like  emission 
features  symmetrically  surrounding  the  Na  D-line  is  readily  apparent.  The  frequency  separation 
between  adjacent  Stokes  (anti-Stokes)  features  corresponds  closely  to  155  cm'1,  correlating  with 
the  separations  between  the  lowest  sodium  dimer  ground  state  vibrational  levels.  It  should  also  be 
noted  that  the  progression  of  Stokes  and  anti-Stokes  bands  cannot  be  made  to  fit  a  resonance 
fluorescence  series  but  can  be  readily  assigned  to  Stokes  and  anti-Stokes  bands  associated  with  a 
resonance  Raman  progression.11 

Additional  evidence  suggestive  of  a  Raman  process  is  presented  in  Figure  3.  The 
spectrum  depicted  in  Figure  3  was  taken  under  equivalent  reaction  zone  conditions  to  those  of  the 
spectrum  depicted  in  Figure  2.  The  intermediate  resolution,  - 1.5  A,  at  which  this  spectrum  was 
obtained  is  sufficient  to  cleanly  resolve  the  atomic  sodium  -  *PW  line  splitting  (1 7.2  cm'1) 
while  leaving  individual  rotational  lines  unresolved.  The  relative  intensities  of  each  of  the  sodium 
D-line  components  are  clearly  evident  in  the  scattered  Raman  emission.  Furthermore,  the 
frequency  separation  of  the  sodium  atomic  splitting  is  clearly  reproduced  (within  the  experimental 


resolution  of  the  scan)  for  both  the  vibrational  Stokes  and 
scattering 


anti-Stokes  components  of  the 


Figure  3 

S'^lkeTwn,Tpdq’'?f 1 !^.W0  Ni  2-1”  “m«>oora“  «*<  auclluc  Runan 

structure  The  PJC,  P|/5  -  S1/s  frequency  difference  of  the  two  Ni  D-line  components  is  rcoroduced 
m  the  scattered  radiation  A  simulated  spectrum  (calculated  from  Equatk^u^lnt^fcf^ 
compansioo  (Trot  -  400K,  r*4  cm1).  F 

We  have  successfully  modeled  the  group  of  features  symmetrically  surrounding  the  Na  D- 
line  with  the  resonant  Raman  intensity  expression,10,Iil3 


r  /  ,  32n3bJ  I.  .iWllf 

5(V3'  Jai  vr>  J,)  •  -9c«A2  W<50)4  •  **  N(Va) 

-  E  («(>...)»■  g.  .  a<.  .  K»,itt,)(»,iva)ij| 


(2) 


where  I,  is  the  total  intensity  for  a  scattered  Stokes  or  anti-Stokes  line  as  a  function  of  frequency 

"•  V  «*  e  is  the  speed  of  light.  We  consider  transitions  from  an  initial 

rovibrational  ground  electronic  state  (G)  of  the  Na,  molecule  to  some  final  rovibrational 
electronic  ground  state  (F)  via  an  intermediate  excited  electronic  state  (I)  where  and  w. 
represent  the  rovibromc  energy  differences  for  the  G-I  and  I-F  transitions.  T  is  introduced  to 
pl^menolopcaUy  account  for  all  damping  effects.  The  S,  terms  correspond  to  appropriate 
Hdnl-London  factorsfor  the  Na,  AT;  -  XT;  transition,  M(W  represents  the  normalized 
coordinate,  MyWi)  ,  evaluated  at  the  equilibrium  intemuclear  distance,  R*  and  (vF|v,)  and 
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';Vf  vG>  represent  Franck-Condon  overlap  integrals.  We  have  included  a  thermalized  ground  state 
rotational  distribution  and  a  ground  state  weighting  function  N(v0),  which  allows  for  a  non- 
Boltzmann  vibrational  distribution.  We  also  allow  pumping  due  to  each  component  of  the 
sodium  D  line.  t*)(P3 ,)  and  <j(P , ,),  to  contribute  to  the  scattered  emission  intensity,  I,  Here,  the 
relative  weighting  of  each  component  of  the  atomic  emission  (D-line)  is  accounted  for  by  the 
weigtht  factors,  G(Pj  2)  and  G(P,  2).  In  our  simulations,  we  have  taken  the  GfP3,2)  G(P,  2)  ratio  to 
be  3  2,  determined  empirically  from  the  experimental  spectrum  (see  Figure  3) 

The  numerical  calculations1417  were  carried  out  by  allowing  the  near-resonant  atomic 
sodium  transitions,  and  u(P,  2),  to  pump  the  first  thirty  levels  in  the  Naj  XT,*  state  to  the 
first  seventy  levels  of  the  Na2  A'EU  state.  The  absolute  frequencies  (in  wavenumbers)  of  the  two 
D-line  components  responsible  for  pumping  the  Raman-like  features  were  taken  from  the  National 
Bureau  of  Standard's  compendium  on  atomic  energy  levels. 11  A  Doppler  broadening  of  the  Na  D- 
line  components  by  0  08  cm1  in  our  spectral  simulations,  corresponding  to  atomic  sodium  at 
1000K,  represents  a  conservative  overestimate,  and  provides  no  observable  correction  to 
simulation  spectra  produced  with  narrower  Doppler  widths  (<  0.08  cm'1).  De-excitation  from  the 
upper  electronic  state  was  allowed  to  proceed  to  the  first  thirty  levels  of  the  ground  state. 
Rotational  levels  J",r  *  0  to  120  were  included  with  each  vibrational  level  of  both  the  excited 
electronic  A‘E;  state  and  the  ground  electronic  X‘Z^  state  of  the  sodium  dimer  scatterer  Each 
simulated  spectrum  produced  in  the  modelling  program  was  convolved  with  a  gaussian  function 
to  approximate  the  effects  of  a  finite  spectrometer  slit  width. 

The  data  in  Figure  4  depicts  the  fit  to  the  vibrational  structure  surrounding  the  Na  D-line 
under  conditions  of  pure  sodium  expansion.  All  attempts  to  extract  a  vibrational  temperature 
through  comparison  of  the  observed  and  calculated  Raman  spectra  were  unsuccessful.  The  low 
resolution  (  - 12  A)  vibrational  Raman  spectrum  depicted  in  Figure  4  does  not  correspond  to  a 
thermalized  vibrational  distribution.  The  calculated  spectrum  in  Figure  4,  corresponding  to  a  non- 
Boltzmann  vibrational  distribution,  closely  matches  the  experimental  scan  and  will  also  provide  a 
consistent  fit  to  higher  resolution  spectra.  Although  the  rotational  population  distribution  may 
also  be  non-Boltzmann,  we  find  that  with  an  effective  rotational  temperature  of 400K,  we  are  able 
to  obtain  close  agreement  between  the  experimental  and  calculated  spectrum  depicted  in  Figure  4 
This  suggests  that  only  slight  modifications  from  a  thermalized  distribution  will  be  necessary  to 
exactly  fit  the  rotational  features. 

A  still  higher  resolution  scan  (-0.4  A)  of  the  first  Stokes  and  anti-Stokes  features  is 
depicted  and  computer  simulated  in  Figure  5.  The  computer  simulation  is  again  based  on  the 
application  of  equation  (2).  In  a  surprising  result,  we  find  that  a  linewidth,  T  =  4  cm1,  is  required 
to  provide  optimum  agreement  between  the  simulated  and  experimental  results  with  correlation 
coefficients  exceeding  0.92  for  the  anti-Stokes  and  0.89  for  the  Stokes  features,  respectively.  A 
further  confirmation  of  the  required  linewidth  is  indicated  in  Figure  S  where  we  compare  the 
experimental  spectrum  to  T  *  4, 1,  and  0. 1  cm*1  simulations. 

While  there  are  improvements  that  can  be  made  in  the  simulations  depicted  in  Figures  3, 4 
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L7°  'V  ?Uln,Um  s>'s,em^™'  *  resonance  w£Z£ST, ^,^>">^"8  for 
and  an  absolute  power  density  of  -0  2 1 5  VfW/cmJ  an.  h  e,ectnc  fie,d  of  ~ 1  3  KV/cm 
broadening  of  4  cm'1  necessary  to  produce  the  requisite  spectral 


Figure  4 


secondsjJ^^p^^dlu' ofordff 

b«s  of  rSS  *  -»«*  -  - 

radiative  lifetime14).  Several  additional  ~  seconds  based  on  the 

expansion  in  the  absence  of  bromine  ato^aawTat  the^D-lin^^**1^*11?  °fthc  5odium 
pumped  R6G)  and  at  4765  A  and  4880  A  hZ~,  frequencies  (argon  ion 

optical  signatures  corresponding  to  thoid^taedTnT^  *°  reve*1 

“““ ‘“‘““r* fluoreaccnc* correspondL  w the ’rndBy^  *" P°Ssible  10 
to  that  observed  previously  **  ahhoush  at  inmMriut  w-  u7  ****  ®  ^  ^and  systems  analogous 
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4.  EVIDENCE  FOR  OPTirAI  p.jim 
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Figures 

High  resolution  »P«trum  (~0.5  A)  and  simulated  spectra  for  T  -  0. 1, 1,  and  4  cm"  demonstrating  the  marked 
myrovement  m  the  fit  to  the  experimental  Raman-like  features  for  increasing  values  of  T  See  text  for 


Using  the  optical  configuration  described  in  Figure  6,  we  have  observed  the  manifestation 
of  gain  on  several  of  the  Stokes  and  anti-Stokes  features  depicted  in  Figure  4. 

At  a  resolution  of  - 12  A,  we  have  consistently  observed  a  ratio  of  2.3: 1  for  the  double 
versus  single  pass  light  intensity  (1,1*)  associated  with  the  first  Stokes  feature  located  near  5940 

A.  Apparent  gain  has  also  been  monitored  on  several  additional  Raman  features  depicted  in 

Figure  4.  In  monitoring  the  first  anti-Stokes  feature,  for  example,  we  determine  a  ratio  for  I,:  I*  of 
2  2:1.  Ratios  1,1*  slightly  greater  than  2: 1  were  measured  on  all  of  the  observable  Stokes  and 


anti-Stokes  features  For  comparison,  similar  measurements  were  performed  at  12  A  r^lminn 

2 !tTm‘T  D'line  *7""* a  -  5892  A)-  Where  •*«■*“ 

this  frequency^ a  ratio  close  to  1.6  1  was  measured  for  lu  Ib.  Other  chemiluminescenVfeatures 

theThemali^  ^  2'  n0tab,y  the  emission  "impending  to 

In  fact  ^rioU  m  w  ,*  trans,tlon’  were  investigated  and  did  not  demonstrate  fain 

n  fact,  ratios  Ib  less  than  1  5  1  were  measured  at  the  wavelengths  associated  with  this 

transition  Further,  no  gain  was  monitored  on  the  excimer-like  Na,  2}U  - 1 J2 '  bound  fr«. 
transition.  *  •  ' 
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latic  of  gain  measuremcm  configuration.  Intensities  monitored  with  the  PMT  are  measured  with  the 

that  (U  ?  unbkxked  In  the  absence  of  gain  or  loss,  the  maximum  ratio  of  intensities 

that  can  be  monitored  can  be  no  greater  than  two.  This  configurauon  accepts  only  light  travelling  parallel  to 
the  optical  axis  See  text  for  discussion.  5F 


While  the  results  of  these  measurements  are  certainly  valid  for  conventionally  pumped  gain 
media,  care  should  be  exercised  in  interpreting  their  meaning.  In  conventional  stimulated 
emission,  where  a  population  inversion  exists  between  two  levels,  a  photon  of  the  appropriate 
frequency  can  stimulate  emission  and  the  depopulation  of  the  upper  amplifier  level,  creating  a 
coherent  field  of  photons  of  intensity  I  and  frequency  v.  The  simple  gain  detection  scheme  we 
have  implemented  here  functions  to  reflect  light  of  all  frequencies  present  from  the  rear  reflector 
back  into  the  active  medium.  However,  only  photons  of  the  appropriate  frequency  v  can 
contribute  to  an  intensity  increase  m  the  light  field.  The  monochromator-photomultipiier  tube 
combination  then  detects  the  contribution  of  a  narrow  frequency  range  associated  with  the 
intensity  of  on-axis  light  both  with  and  without  the  rear  reflector  operational.  Absolute  ratios  of 
the  measured  light  intensities  can  then  be  used  to  derive  a  double  pass  (or  «m«n  signal)  gain 


The  situation  in  the  present  system,  however,  is  slightly  different.  Under  a  Raman 
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scattering  process,  light  of  frequency  vp  (pump  frequency)  is  reflected  back  into  the  active 
medium  along  with  light  of  the  scattering  frequency  v,  (Stokes  frequency).  If  gain  is  present  in 
the  system,  light  (I.)  at  a  frequency  v,  will  increase  in  intensity  as  it  propagates  through  the 
medium  to  the  detector  (monochromator  +  PMT).  However,  it  must  be  remembered  that  the 
pump  light.  Ip,  is  also  reflected  back  into  the  active  medium  by  the  broad  band  reflector,  inducing 
a  Raman  scattering  signal  at  a  frequency  v,.  The  observed  increase  in  the  intensity  of  the  Stokes 
held.  I„  will  necessarily  represent  contributions  from  Raman  scattering  as  well  as  any 
amplification  due  to  the  existence  of  the  gain  condition. 

This  discussion  suggests  that  one  must  be  cautious  in  the  interpretation  of  the  I„  Ib  ratios 
These  initial  gain  measurements  are  important  because  they  do  not  indicate  the  absence  of  gam 
associated  with  the  Raman  scattering.  The  measurements  da  however,  indicate  the  absence  of 
gain  on  other  chemiluminescent  emission  features  (the  Na,  B'n.-X1^  band,  for  example)  since 
the  Iu  Ib  ratios,  which  are  much  less  than  2:1,  would  suggest  that  no  gain  exists.  Moreover,  if  we 
consider  the  losses  associated  with  our  measurements  (1)  at  the  high  reflector  (- 1%)  and  (2)  upon 
passage  through  the  optical  flats  (-2  *  4%),  the  determination  of  a  ratio  of  2.3: 1  on  the  first 
Stokes  feature  may  be  indicative  of  substantial  gain.  However,  for  the  reasons  outlined  above,  it 
is  premature  to  calculate  a  double  pass  gain  coefficient  for  any  of  the  Raman  scattering  features. 
Future  studies  involving  the  use  of  a  probe  laser  will  eventually  resolve  the  gain  question. 
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ABSTRACT 


The  highly  efficient  collisional  stabilization  of  high  temperature 
complexes  of  some  considerable  spatial  extent  is  demonstrated.  A  series  of 
near  single  collision  and  well  defined  multiple  collision  (following  pacer) 
chemiluminescent  and  laser  induced  fluorescent  studies  extending  over  six 
decades  of  pressure  demonstrate  the  stabilization  of  electronically  excited 
Group  IIA  dihalide  collision  complexes  via  a  radiative  three  body 
recombination  process  (R3BR)  operative  at  microTorr  pressures.  Over  the 
pressure  range  1  x  10‘6  -  5  x  10“*  Torr,  a  comparative  study  of  the  emission 
from  M  (M=*Ca,Sr ,Ba)  -  X2  (Cl2,Br2,I2)  and  M-XY  (ICl.IBr)  reactive  encounters 
identifies  a  symmetry  constrained  dynamics  associated  with  the  formation  of 
the  dihalide  product  complexes.  The  onset  of  the  monitored  R3BR  process  at 
1  x  10'6  Torr  signals  an  extremely  large  stabilization  cross  section  (os  > 
3000  A2)  which  may  not  be  readily  explained  within  the  RRKM  framework. 
Comparisons  between  the  highly  ionic  dihalides  and  the  isoelectronic  C02 
molecule  are  noted  as  they  affect  excited  state  dynamics.  The  pressure 
dependence  of  the  light  emission  from  these  complexes  in  the  near  single 
collision  pressure  range  displays  a  striking  correlation  with  the  periodicity 
of  dihalide  molecular  electronic  structure  and  the  resultant  nature  of  the 
low-lying  dihalide  electronic  transitions.  The  absence  of  a  difuloride 
emission  associated  with  the  M(Ca,Sr ,Ba)-F2  reactive  encounters  signals  an 
important  periodic  trend  in  these  systems.  A  simple  first  order  model  within 
the  electron  jump  frame'  s  is  presented  to  explain  the  qualitative  trends 
inherent  to  these  reacti  is. 


INTRODUCTION 


Collisions  which  lead  to  complex  stabilization  or  rapid  energy 
redistribution  can  play  an  important  role  in  high  temperature  environments, 
including  combustion  and  gasification  streams, *■"•*  as  they  influence  energy 
storage  and  conversion.  Further,  they  may  play  an  important  role  in 
deposition  processes  whose  inception  is  influenced  by  the  formation  of  the  gas 
phase  constituency.-*  Here  we  present  evidence  which  suggests  that  a  number 
of  these  interactions  may  be  operative  over  a  much  broader  region  of 
configuration  space  than  previously  anticipated  to  the  extent  that  a  ready 
explanation  of  the  present  observations  with  existing  models  of  recombination 
and  energy  transfer  may  be  tenuous. 

Typically,  radiative  association  processes,  which  provide  information  on 
highly  excited  molecular  states  and  dissociation  limits,^  have  been  studied  at 
sufficiently  high  pressures  so  as  to  allow  collisional  stabilization  of  the 
associating  species  and,  consequently,  the  time  necessary  for  a  spontaneous 
radiative  event.  As  these  collisional  stabilization  processes  can  lead  to 
some  loss  of  dynamical  information,  it  has  been  the  province  of  the  molecular 
beamist  to  extend  their  study,  performing  experiments  which  isolate  and 
evaluate  contributions  from  two-body  radiative  recombination. 10  Thus,  using 
crossed  beams,  Kasai  et  al.^  observed  a  binary  reaction  of  NO  and  0,  Parson-* 
obtained  strong  evidence  for  the  Cr-02  association  process,  and  Yoshimura  et 
al.^  measured  the  HNO  A-X  emission  from  an  associating  H  and  NO. 

The  experiments  of  Yoshimura  et  al.^  are  particularly  intriguing  with 
their  emphasis  on  the  study  of  a  hydrogen  based  association  as  a  means  of 
monitoring  discrete  emission  from  a  two-body  association  reaction.  Their 
results,  while  carefully  obtained,  seem  surprising  for  they  indicate  excited 
state  relaxation  under  beam  conditions  before  the  emission  of  a  photon  from 
the  lowest  vibrational  levels  of  the  HNO  A  state  (at  energies  well  below 
(^3000  cm"!)  the  HNO  dissociation  limit).  Further,  the  observations  under 
beam  conditions  seem  counter  to  a  pronounced  A  state  vibrational  excitation  at 
somewhat  higher  pressures.  This  behavior,  which  might  be  explained  by  highly 
efficient  -  long  range  collisional  events  involving  the  forming  HNO  ground  and 
low-lying  A  state,  suggests  that  a  much  broader  region  of  configuration  space 
might  be  relevant  to  the  description  of  several  reactive  environments.  In 
fact,  while  the  focus  of  the  outlined  molecular  beam  experiments  has  been 
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to  isolate  the  two-body  association  process,  it  is  of  equal  if  not  greater 
importance  that  they  signal  the  efficiency  of  multicenter  stabilization 
processes  that  are  operative  at  extremely  low  pressures  and  can  strongly 
influence  system  behavior  over  large  pressure  ranges.  It  is  with  this  focus 
that  we  have  carried  out  a  detailed  study  of  the  formation,  collisions! 
stabilization,  and  relaxation  of  a  set  of  periodically  correlated  collision 
processes  involving  the  formation  and  interaction  of  complexes  of 
considerable  spatial  extent.2* 11»12 

The  reactions  of  alkaline  earth  atoms  with  halogen  molecules  to  form  the 
Group  IIA  dihalides,  MX2*.  once  thought  to  be  b molecular,8* 9  have  been  shown 
to  be  termolecular  and  second  order  ir.  the  halogen  concentration  at  micro-Torr 
pressures.  On  the  basis  of  several  considerations, 13-17  it  has  been  strongly 
suggested  that  the  dihalide  formation  requires  a  two  step  mechanism  involving 
a  vibrationally  excited  ground  state  MX+  intermediate  viz. 


M  +  X2  ->  MX'  +  X  (la) 

MX+  +  X2  -►  MX2*  +  X  (lb) 

MX2*  -»  MX2  +  hv  (lc) 

This  sequence  involves  two  electron  jump  processes  and  produces  the  desired 
second  order  dependence  on  halogen  concentration  for  the  observed  MX2 
emission. 

While  sequence  (1)  is  quite  appealing  and  would  seem  to  be  in  accord 
with  well  established  theoretical  models  and  a  number  of  experimental 
observations,13  17  an  alternate  mechanism,  consistent  with  the  halogen 
pressure  dependence,  centers  on  the  collisional  stabilization  of  a  highly 
vibrationally  excited  MX2*  intermediate  viz. 


M  +  X- 


MX. 


*+ 


MX 


*+ 


+  x2  -> 


MX- 


mx2  +  x2 

MX2  +  hv 


(2a) 

(2b) 

(2c) 


where  the  stabilization  process,  a  radiative  three-body  recombination  (R3BR), 

must  overcome  the  propensity  for  a  "rapid"  dissociation  of  the  highly  excited 
MX2  +  complex. 

Through  a  series  of  near  single  collision18  and  well  defined  multiple 
collision19'21  chemiluminescent  and  laser  induced  fluorescent  studies 
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extending  over  six  decades  of  pressure,  we  demonstrate  the  highly  efficient 
stabilization  of  electronically  excited  Group  IIA  dihalide  collision  complexes 
via  the  R3BR  process  (mechanism  2).  We  identify  a  symmetry  constrained 
dynamics  associated  with  the  formation  of  these  complexes,  obtaining  the  first 
vibrationally  resolved  emission  spectra  for  the  dihalides.  The  onset  of  the 
monitored  R3BR  process  at  1  x  10'6  Torr  signals  an  extremely  large 
stabilization  cross  section  (cs  >  3000  V)  which  may  not  be  readily  explained 
within  the  RRKM  framework,  suggesting  that  new  models,  adjusted  to  the 
interactions  of  electronically  or  highly  vibrationally  excited  states,  will  be 
necessary  to  clarify  these  processes.  The  monitored  complexations,  which 
define  a  much  broader  range  of  interaction  than  has  typically  been  associated 
with  collisional  stabilization  phenomena,  are  best  clarified  by  considering 
the  periodicity  inherent  to  a  broad  grid  of  Group  IIA  metal,  M(Mg,Ca,Sr,Ba)- 
halogen  molecule,  X2(F2.Cl2.ClF,Br2.ICl,IBr,I2)  reactions. 

In  this  first  paper,  we  deaonstrate  the  symmetry  constrained  dynamics 
inherent  to  the  Group  IIA  metal-halogen  molecule  reactions  as  it  signals  the 
highly  efficient  concerted  and  collisionally  stabilized  formation  of  Group  IIA 
dihalide  excited  states.  In  the  following  paper,  through  the  controlled 
extension  and  relaxation  of  the  near  single  collision  process  under  multiple 
collision  conditions,  we  confirm  the  highly  efficient  R3BR  mechanism  as  well 
as  establishing  discrete  assignments  for  the  near  single  collision  emission 
continuum. 

EXPERIMENTAL 

The  apparatus  used  to  study  the  Group  IIA -halogen  molecule  reactions 
under  near  single  collision  conditions  represents  a  variant  of  one  that  has 
been  described  previously. 18  Calcium,  strontium,  and  barium  metal  were 
vaporized  effusively  from  capped  tantalum  crucibles  into  a  chamber  whose 
background  pressure  was  maintained  at  5  x  10"7  Torr.  The  metals  effuse  from  a 
hole  <  1/8"  in  diameter,  1/2"  from  the  top  of  the  capped  crucibles.  The 
crucibles  were  surrounded  by  a  1"  diameter  tantalum  radiator  which  acted  as  a 
resistive  heating  element  to  produce  uniform  crucible  temperatures  in  the 
range  between  1000  and  1200K.  The  Group  IIA  metallic  beams,  passing  through 
holes  in  the  heating  radiator,  tantalum  heat  shields  concentrically 
surrounding  the  radiator,  and  a  water-cooled  copper  jacket  surrounding  the 
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entire  grouping,  entered  a  differentially  pumped  system.  The  beams  then 
passed  through  an  iris  based  adjustable  orifice  into  a  tenuous  atmosphere  of 
oxidant  gas  (reaction  chamber)  producing  the  chemiluminescent  emissions 
recorded  in  Figures  1-3.  There  have  been  relatively  few  measurements  of  the 
calcium,  strontium,  and  barium  vapor  pressures.  Based  on  these  studies,22  the 
vapor  pressures  in  the  crucibles  ranged  from  10"2  to  1  Torr. 

Fluorine  (Air  Products  Specialty  Gases  >  982  purity),  C1F  (K  and  K 
Laboratories  98 2),  Cl2  (Matheson  >  99.52),  Br2  (Matheson  >  99.92,  Fisher  > 
99.952),  IC1  (Kodak  >  99.92,  Alfa  >  99.82),  IBr  (Alfa  >  99.82),  and  I2  (Fisher 
>  99.82)  were  obtained  commercially.  The  three  oxidant  gases  F2,  C1F,  and  Cl2 
were  allowed  to  bleed  into  the  reaction  chamber  through  a  double  micrometer 
ne  die  valve  assembly.  In  order  to  insure  that  the  Cl?  vas  not  contaminated, 
we  purified  the  gas  in  two  stages.  The  sample  was  pla.. „  in  a  glass  ballast’ 
trap  which  was  then  placed  in  liquid  nitrogen  and  evacuated  in  order  to  remove 
any  possible  fluorine  contaminants.  Subsequently,  during  the  experimental 

run,  the  sample  was  placed  in  an  n-amyl  alcohol  slush,  thus  insuring  against 
Cl2  contamination. 

For  studies  involving  Br2,  IBr,  and  I2,  the  gas  handling  system  was 
modified  so  that  substances  which  are  liquids  or  solids  at  room  temperature 
could  be  introduced  as  gases  into  the  reaction  chamber.  Small  stainless  steel 
or  pyrex  containers  were  attached  to  the  first  micrometer  needle  valve  and  a 
succession  of  pumping- freezing  cycles  was  used  to  remove  volatile  impurities. 
The  vapor  pressure  of  Br2  is  sufficiently  high  to  permit  the  production  of  a 
gas  beam  at  room  temperature.  The  same  would  appear  to  be  true  for  IBr; 
however,  as  with  I2,  it  was  necessary  to  increase  the  vaporization  rate  by 
heating  the  sample  slightly  in  order  to  obtain  a  sufficient  vapor  pressure. 

For  these  single  collision  studies,  the  oxidant  gases  were  mildly 
collimated  but  filled  the  entire  reaction  chamber  at  pressures  ranging  from 
1  x  10  6  to  5  x  10"^  Torr.  The  permanent  gases  were  first  partially 
transferred  to  a  ballast  tank  which  provides  gas  pressure  stability  during  the 
course  of  an  experiment.  Background  pressures  were  monitored  primarily  with 
an  ionization  gauge  25  cm  from  the  reaction  zone,  however  the  majority  of  the 
in  situ  pressure  measurements  were  made  with  a  capacitance  manometer  3  cm  from 
the  reaction  zone.  If  both  gauges  were  used  to  monitor  gas  pressure,  the 
values  measured  using  the  capacitance  manometer  were  between  15  and  252  higher 
than  those  measured  by  the  ionization  gauge,  depending  upon  the  gas  in  use. 
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The  pressure  dependence  plots  presented  in  the  following  sections  were 
obtained,  using  the  capacitance  manometer,  by  monitoring  the  light  emission 
from  the  reaction  zone.  Corrections,  which  take  into  account  slight  pressure 
gradients  across  the  chamber,  have  been  made  to  these  pressure  dependence 
plots . 

Metal  source  temperatures  were  measured  with  a  Leeds  and  Northrup 
disappearing  filament  optical  pyrometer  focused  on  the  back  center  of  the 
crucible  containing  the  metal  of  interest.  The  crucible  was  observed  through 
a  quartz  window  directly  behind  the  oven  and  through  a  5/16"  diameter  hole  in 
the  tantalum  radiator.  The  pyrometer  was  calibrated  during  each  run  by 
comparison  with  a  calibrated  tungsten-5*  rhenium  vs.  tungsten-25*  rhenium 
thermocouple  (Control  Products  Corp.).  The  thermocouple  junction  was 
sheathed  in  BeO  and  tantalum  and  protected  by  a  tungsten  well.  This  assembly 
was  placed  vertically  through  the  base  of  the  oven,  between  the  crucible  and 
the  tantalum  radiator,  and  located  in  its  closest  possible  proximity  to  the 
crucible  orifice. 

The  chemiluminescence  from  the  reactions  of  interest  was  monitored  at 
right  angles  to  the  metal  flow.  Spectral  emissions  were  dispersed  with  a  1-m 
Spex  scanning  monochromator  operated  in  first  order  with  a  Bausch  and  Lomb 
1200  groove/mm  grating  blazed  at  5000  A.  Either  cooled  RCA  1P28  or  4840  or  a 
dry  ice  cooled  EMI  9808  photomultiplier  tube  were  used  to  detect  the  dispersed 
fluorescence  and  provide  a  signal  for  either  a  Keithley  417  fast  picoammeter 
or  a  417  autoranging  picoammeter.  The  output  signal  from  the  picoammeters  was 
then  sent  either  to  a  Hewlett  Packard  chart  recorder  or  to  a  personal 
computer  for  storage  and  subsequent  analysis.  All  spectra  were  wavelength 
calibrated  with  a  mercury  arc  lamp23  or  with  respect  to  Group  IIA  metal  atomic 
emissions.*-* 

RESULTS  AND  DISCUSSION  -  PERIODICITY  OF  GROUP  IIA  DIHALIDE  FORMATION 

Near  "Single  Collision"  Chemiltainescence  and  Sjaetry  Constrained  Product 
Formation 

As  Table  I  demonstrates,  the  strength  of  the  second  Group  IIA  metal 
halogen  bond  is  at  least  comparable  to  or  considerably  exceeds  that  of  the 
first.  In  other  words  the  atomization  energy,  especially  of  the  heavier 
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Imogen  dihalides,  is  at  least  twice  the  dissociation  energy  of  the  eetal 

monohalide.  This  bonding  characteristic  suggests  that  the  Group  IIA-halogen 

”°  ecule  re*ctlons  "‘Bht  represent  good  candidates  to  study  few  body 
complexation  processes. 


The  low  Group  II*  natal  ionization  potentials^  and  the  high  hal 
electron  affinities^  signal  that  these  reactions  are  expected  to  proceed  via 
e  electron  junp  process  whereby  the  Group  II*  netal  throws  out  an  electron 
and  harpoons  the  halogen  molecule  forming  an  M+Xj’  complex.  The  data 
presented  in  Figures  1-3  sussnarizes  the  observed  dihalide  emission  spectra 
generated  for  the  reactions  of  Ca,  Sr,  and  Ba  with  the  homonuclear 
<Cl2,Br2,I2)  and  mixed  (CIF.ICl.IBr)  halogens,  under  near  single  collision 
conditions  (at  pressures  ranging  from  10‘S  -  10'*  Torr).  The  emission  from 
the  mixed  halogen  reactions  with  strontium  and  barium  is  distinctly  wealer 
than  that  from  the  homonuclear  metatheses. 


In  contrast  to  the  M  -  Ca,Sr,Ba-X2  (X«Cl,Br,I)  reactions  which  yield  a 
strong  dihalide  emission,  the  reactions  of  molecular  fluorine  with  these 
metals  leads  only  to  monofluoride  emission.  In  fact,  only  a  weak  emission 
continuum  in  the  range  -3500-5500  i  is  observed  for  the  magnesium  system  and 
this  emission  is  found  to  be  quadratic  in  the  fluorine  molecule  concentration 

This  dichotomy  represents  an  important  periodic  trend  in  the  formation  of  the 
dihalides . 


The  lack  of  a  notable  difluoride  emission  for  the  Ca,  Sr,  and  Ba 
reactions  represents  a  serious  challenge  to  the  validity  of  the  double  harpoon 
mechanism  (1).  The  data  in  Table  I  as  well  as  periodic  correlations  with 
atomic  dissociation  products25  suggest  that  the  reaction  sequence  (1)  easily 
supplies  the  energy  necessary  to  access  difluoride  excited  states.  We 
suggest  that  the  lack  of  a  CaP2,  SrF2,  or  BaT 2  emission  results,  at  least  in 
part,  because  the  fluorine  molecule  negative  ions  produced  in  the  electron 
jump  process  dissociate  much  more  rapidly  than  do  the  corresponding  Cl2-, 

Br2  ,  or  I2  ions.26  This  results  not  only  from  the  considerably  smaller  bond 
energy  of  the  fluorine  molecule  but  also  from  the  nature  of  the  vertical 
electron  attachment  process  which  creates  the  fluorine  negative  ion  high  on 
the  repulsive  wall  of  its  ground  state  potential.26  In  contrast,  the  process 
for  the  more  tightly  bound,  heavier  halogens,  whose  size  better  accomodates 
electron  attachment,  can  lead  to  the  formation  of  a  considerably  longer-lived 
negative  ion.  While  it  is  difficult  to  create  a  long-lived  M+X2"complex  in 
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those  reactions  with  molecular  fluorine,  complex  formation  can  be  accomodated 
for  the  heavier  halogens.  The  observation  of  both  BaF  monohalide  and  BaCIF 
dihalide  continuum  emission  for  the  reaction  of  barium  with  a  strongly  bound 
C1F  (59.2  kcal/mole)27  molecule  (Fig.  1(c))  and  the  corresponding  lack  of  a 
difluoride  emission  resulting  from  the  Ba  +  F2  reaction  (Appendix  A)  support 
the  outlined  suggestions.  However  we  must  also  note  (Table  I)  that  whereas 
the  (MF2)  atomization  energies  are  near  to  2D0°(MF),  the  atomization  energies 

of  the  chlorides,  bromides,  and  iodides  well  exceed  twice  the  metal  monohalide 
bond  energy. 

An  important  symmetry  constraint  is  signaled  by  the  intensity  of  the 
emission  from  the  dihalides  formed  in  the  reactions  of  calcium,  strontium,  and 
barium  with  the  mixed  halogen  molecules  IBr  and  IC1.  Figures  1(a)  and  1(b) 
demonstrate  a  much  weaker  emission  for  the  heteronuclear  halogen  molecule 
reactions  with  barium.  The  compared  spectra  were  taken  at  the  same  resolution 
and  with  nearly  identical  halogen  pressures  and  metal  beam  fluxes.  We  will 
suggest  that  the  dominant  intensity  for  the  Cl2,  Br2,  and  I2  reactions  results 
because  of  the  C2v  reaction  path  available  to  the  homonuclear  (but  not 
accessible  to  the  heteronuclear)  halogen  reactions.  The  availability  of  this 
c2v  reactive  geometry  (conical  intersection)  promotes  excited  state  dihalide 
formation  for  M  +  X2  but  not  M  +  XY  reactive  encounters.  The  observed 
symmetry  effects  can  be  manifest  by  the  collisional  stabilization  mechanism 
{2)  but  are  highly  unlikely  for  the  two  step  harpoon  mechanism  (1).  While  the 
difference  in  continuum  intensity  is  quite  pronounced  for  the  barium 
reactions,  this  difference  decreases  for  the  strontium  reactions  (Figure  2) 
and  is  almost  muted  for  the  calcium  reactions  (Figure  3).  This  behavior  is 
consistent  with  the  electron  jump  model  and  an  increasing  reactant  relative 
velocity  for  the  calcium  and  strontium  reactions  at  the  curve  crossing  region 
associated  with  the  M+X2  ■*  M"*"  +  X2"  harpooning  process. 

Nature  of  Group  TLA.  Dihalide  Electronic  States 

The  expected  nature  of  the  transitions  responsible  for  the  observed 
dihalide  emission  continua  depicted  in  Figures  1-3  can  be  summarized  using  the 
data  in  Tables  II2®  and  III  and  the  molecular  orbital  correlation  diagram 
depicted  in  Figure  4. 29  We  will  discuss  the  contributing  transition  regions 
(Table  III)  in  greater  detail  when  considering  the  vibronically  resolved 
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dihalide  emission  spectra  observed  under  multiple  collision  conditions. 30 
For  our  present  purposes,  however,  it  is  relevant  that  we  consider  the  grid  of 
ground  state  dihalide  geometries  determined  by  Klemperer  et  al.28  (electric 
quadruple  deflection  of  molecular  beams)  and  outlined  in  Table  II.  A  clear 
trend  from  linear  to  bent  character,  which  has  been  discussed  by  several 
authors,  -  is  apparent  as  linear  geometries  are  favored  by  the  light  metal- 
heavy  halogen  combinations  whereas  bent  structures  are  favored  by  the  heavy 
metal- light  halogen  combinations. 

The  strongly  ionic  character  of  the  Group  IIA  dihalides  has  important 
consequences  as  the  BeF2  valence  correlation  diagram  of  Figure  4  demonstrates. 
Here  the  orbital  occupation  for  the  ground  state  of  BeF2  is  complete  through 
the  vg  orbital  and  the  greater  stability  of  the  sum  of  valence  orbital 
energies  at  180°  predicts  a  linear  ground  state  geometry.  However,  in 
contrast  to  the  strongly  allowed  transitions  in  the  isoelectronic  C02 
molecule,  the  lowest  energy  excited  states  in  BeF2  are  predicted  to  result 
from  promotions  involving  the  highest  occupied  i»g  (a2,b2)  molecular  orbital  of 
the  ground  state  to  the  lowest  unoccupied  og  (ai)  orbital.29  The  resulting 
A  ng"xlEg+  transitions  (which  are  electric  dipole  forbidden  in  absorption  for 
the  linear  molecule)  have  not  been  observed  even  in  attempted  studies  of  the 
absorption  spectrum  for  the  highly  bent  BaF2  molecule.  In  emission,  \  \ 

transitions  from  a  highly  bent  excited  state  (Table  III,  A-X  region)  should  be 
of  reasonable  intensity,  involving  long  progressions  in  the  bending  modes  of 
the  upper  and  lower  states.  However,  even  though  the  transit. ^n  in  emission 
is  allowed  (governed  by  the  C2v  selection  rules),  the  lack  of  any  absorption 
data,  even  for  BaF2,  suggests  that  the  observed  emission  spectra  may  manifest 
the  influence  of  the  g«7*g  selection  rule,  resulting  in  a  long-lived  excited 
state  emitter. 

Transitions  which  involve  excitation  from  the  irg  to  the  nu  valence 
orbital  are  expected  to  occur  at  somewhat  higher  energy  and  to  be 
characterized  by  allowed  absorption  and  emission  band  systems  which  should  be 
manifest  of  progressions  in  the  dihalide  stretching  frequency  (Table  III). 
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Periodic  Trod a  in  the  Prosum  Dependence  of  Dihalide  Emission  Features 
Collisions!  Stabilization  of  Dihalide  Excited  States 

The  behavior  of  the  chemiluminescent  intensity  as  a  function  of  oxidant 
pressure  follows  a  dependence  of  the  form  p&e"«P  where  0  represents  the  order 
of  the  reaction  relative  to  the  constituents  under  study  and  e_aP  represents 
an  attenuation  factor  proportional  to  the  reaction  cross  section. 33 
Reactions  following  first  order  bimolecular  kinetics  will  display  a  linear 
increase  in  chemiluminescence  intensity  with  increasing  oxidant  pressure  until 
attenuation  effects  become  significant.  Faster  than  first  order  reactions 
will  display  a  positive  curvature  since  0  is  greater  than  one.36  Both  the 
collisional  stabilization  mechanism  (2)  and  the  two  step  double  harpoon 
mechanism  (1)  should  display  a  quadratic  dependence  in  the  oxidant  pressure. 

In  Figure  5  we  present  plots  of  chemiluminescent  intensity  verses 
oxidant  pressure  for  the  Ba  +  Cl2  and  Ba  +  C1F  reactions.  The  plot  for  the  Ba 
+  Cl2  reaction  represents  the  compilation  of  two  experimental  runs  at  4500  & 
(res  -  10  1),  whereas  the  data  for  the  Ba  +  C1F  reaction  were  taken  at  4000  fl. 
These  plots  indicate  a  second  order  dependence  on  oxidant  pressure.  They  can 
be  compared  with  the  number  density  vs.  light  intensity  plots  of  Wren  and 
Menzinger^®  for  the  Ba  -  F2,  Cl2,  Br2  and  I2  reactions  depicted  in  Figure  6. 
While  these  authors  interpret  their  data  for  the  Ba  +  Cl2,  Br2  and  I2 
reactions  as  displaying  a  linear  onset  followed  by  a  quadratic  increase  in 
light  intensity  as  a  function  of  pressure,  we  find  no  evidence  for  linearity 
at  pressures  as  low  as  1  x  10'6  Torr  either  for  the  Ba  +  Cl2  reaction  or  for 
the  Ba  +  I2  reaction  whose  pressure  dependence  is  depicted  in  Figure  7. 

Further  insight  into  the  behavior  of  the  emission  continuum  is  gained  from 
Table  TV  where  we  plot  relative  intensities  as  a  function  of  pressure  and 
wavelength  for  the  BaCl2*  continuum.  The  data  in  Table  TV  suggest  the 
collapse  of  intensity  in  the  wings  of  the  continuum  with  increasing  pressure. 

We  find  that  this  pattern  pervades  as  we  extend  these  low  pressure  studies  in 
a  controlled  manner  to  the  multiple  collision  pressure  regime.3® 

If  we  consider  more  closely  the  pressure  dependent  behavior  indicated  by 
the  data  of  Wren  and  Menzinger,1®  we  note  a  trend  in  the  onset  of  the  faster 
than  first  order  pressure  dependence.  The  onset  of  the  nonlinear  intensity 
increase  with  pressure  is  most  pronounced  for  the  Ba  +  I2  continuum  followed 
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by  the  continue  for  Be  ♦  Br2  end  Be  +  Cl2,  respectively.  This  trend  might  be 
explained  by  the  increased  density  of  states  for  the  heavier  product  dihalides 
which  promotes  a  more  efficient  collisionally  stabilized  emission.  It  might 
also  result  from  the  periodic  interplay  between  the  ground  and  low-lying 
electronic  states  of  the  dihalide. 

For  all  of  the  dihalides  which  are  linear  in  their  ground  electronic 
states,  the  g«-/*g  electric  dipole  forbidden  nature  of  the  lowest  energy 
transition  will  lead  to  a  very  weak  absorption.  The  results  in  Table  II 
portend  of  a  clear  periodic  trend.  For  the  barium  dihalides,  all  of  which 
have  bent  configurations,  Bal2  will  be  influenced  by  the  electric  dipole 
forbidden  g«-/+g  transition  (for  the  linear  configuration)37  more  than  will 
BaBr2  (which  should  then  exceed  BaCl2,  and  BaF2,  respectively).  The  BaF2 
absorption  cross  section  should  exceed  the  cross  sections  of  all  the 
remaining  Group  IIA  dihalides. 

The  emission  spectra  for  the  lowest  energy  transitions  of  the  Group  IIA 
dihalides  should  also  be  influenced  by  the  nature  of  the  g«-/->g  selection  rule. 
The  excited  state  radiative  lifetimes  for  the  barium  halides  will  be  expected 
to  follow  the  trend  tR(BaI2)  >  xR(BaBr2)  >  xR(BaCl2)  >  xR(BaF2).  The  expected 
trend  m  the  radiative  lifetimes  can  be  manifest  in  the  observed  pressure 
dependences  (Figures  5-7)  for  the  Group  IIA-metal  halogen  reactions.  The 
longer  lived  species  are  expected  to  display  the  effects  of  secondary 
stabilizing  collisions  at  lower  pressures.  This  appears  manifest  in  Figure  6 
where  the  Bal2  pressure  dependent  emission  intensity  rises  at  a  faster  rate 
than  that  for  BaBr2  (whose  rise  is  correspondingly  faster  than  that  for 
BaCl2).  A  similar  trend  is  manifest  in  Figure  7  for  the  Cal2,  Srl2,  and  Bal2 
emission  features  where  the  "faster  than  first  order"  behavior  onsets  most 
sharply  for  the  longer-lived  Cal2  followed  by  Srl2  and  then  Bal2. 

While  it  might  be  argued  that  the  behavior  observed  for  the  barium 
halides  corresponds  to  an  enhanced  stabilization  cross  section  paralleling  an 
increased  density  of  states,  this  is  an  unlikely  explanation  for  the  trends 
observed  in  Figure  7  for  the  Cal2,  Srl2,  and  Bal2  pressure  dependences.  The 
data  in  Figure  5  for  the  BaCl2  and  BaCIF  emission  features  are  also  consistent 
with  a  dependence  on  radiative  lifetime.  Here  the  BaCIF  complex  is  expected 
to  be  shorter  lived  due  to  the  lighter  fluorine  atom  and  the  loss  of  symmetry 
relative  to  BaCl2.3®»3®  The  parallel  with  the  periodic  trends  observed  in 
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Table  II  is  striking. 

The  data  presented  in  Figure  6  for  the  Ba  +  F2  reaction  seems  inconsis¬ 
tent  with  this  periodically  based  interpretation  and  with  the  observed 
pressure  dependences  of  the  remaining  barium  reactions.  However,  it  can  be 
demonstrated  (Appendix  A)  that  the  observed  linear  pressure  dependence  which 
corresponds  with  the  seemingly  continuous  emission  feature  observed  to  extend 
from  6000-7000  l  in  the  spectrum  for  the  Ba  +  F2  reaction  (Fig.  1(d)) 
correlates  not  with  BaF2  but  with  a  much  shorter  lived,  highly  vibrationally- 
rotationally  excited,  BaF  molecule. 

A  Symmetry  Constrained  Electron  Jump  Process 

The  relative  intensities  of  the  Group  IIA  dihalide  continuum  emissions 
observed  for  homo-  and  heteronuclear  halogen  reactions  can  be  understood 
wibhin  the  electron  jump  harpoon  model.  Here  we  use  the  correlations  outlined 
in  Table  V  and  extrapolate  on  the  simple  yet  elegant  arguments  used  by 
Menzinger  to  explain  the  metal  monohalide  chemiluminescent  emissions  from 
fluorine  and  chlorine  molecule  reactions. 

The  correlation  diagram  in  Figure  8  provides  a  simple  description  of  the 
reaction  channels  based  upon  electronic  rearrangements  along  the  reaction 
coordinate.  This  simple  model,  which  reduces  the  four-dimensional  hyper¬ 
surface  to  two-dimensional  energy  profiles,  can  be  used  to  provide  a  good 
first  order  description  of  the  systems  of  interest  because  of  the  strongly 
covalent  and  ionic  character  of  the  relevant  configurations.  Within  this 
framework,  the  location  of  the  intersections,  1^,  of  the  curves  (configura¬ 
tions)  of  interest  and  the  strength  of  their  coupling14  can  be  estimated  from 
Coulomb's  law  and  empirical  correlations.-1^'41 

We  adopt  the  reasonable  proviso  that  most  of  the  electronic  branching  for 
these  systems  is  governed  by  entrance  channel  interactions.  We  realize  that 
at  long  range,  where  the  Coulomb  interaction  of  charge  clouds  dominates  the 
multipole  expansion  of  the  interaction  potential,  the  Harpooning  model42 
provides  a  reliable  estimate  of  the  covalent/ ionic  crossing  radius 

R*  *  e2/AEci  (3) 

where  AEcj  ■  IP  -  EA  is  the  asymptotic  separation  of  covalent  |c>  and  ionic 
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I i>  ^"figurations  and  where  IP  and  EA  are  the  effective  values  of  the 
reacting  metal  fragment  ionization  potential  and  halogen  molecule  electron 
affinity.  Although  the  model  is  expected  to  fail  at  shorter  range  in 
proportion  to  the  overlap  of  the  fragment  electron  distributions,  it  can  still 
provide  a  reasonable  estimate  of  the  inner  crossing  regions.  The  correlation 
diagram  is  constructed  on  this  basis. 

Reactions  to  produce  the  dihalide  are  thought  to  proceed  through  an 
electron  jump  "outer  harpooning"  process  involving  the  interaction  of  the  M  + 
X2  (|1>  in  Fig.  8)  covalent  and  M+  +  X2‘  (|3>  in  Fig.  8)  ionic  curves.  For  a 
Cs  or  C,,,^  collision  geometry,  this  process  involves  the  strong  coupling  of  *A' 
or  lE  covalent  and  ionic  'tentials  (Table  8)  of  the  same  symmetry,  leading  to 
an  avoided  crossing,  har  'ing,  and  the  formation  of  the  ground  state  metal 

halide.  However,  if  the  Vision  geometry  is  of  C2v  synmetry,  the  synmetry 

species  of  the  covalent  and  ionic  curves  (Table  8)  are  ^A^  and  *B2 
respectively,  and  the  curves  for  the  two  states  intersect.  It  is  through  this 
intersection  and  a  range  of  approach  angles  within  a  cone  of  acceptance  around 
the  X2  bisector43  that  the  system  slips  past  the  "outer  harpooning"  region 
corresponding  to  the  conical  intersection  of  adiabatic  states  at  the  |l>|3> 
crossing  (Fig.  3)  and  gains  access  to  the  "inner  harpooning"  region. 

The  crossing  involving  the  ionic  configuration  |3>  and  the  doubly  ionic 
configuration  |5>  will  be  avoided  as  the  | 3> | 5>  interaction  between  these 
curves  of  the  same  symmetry  is  thought  to  be  significant.  Access  to  the 
inner  harpooning"  region  thus  promotes  an  avoided  crossing  leading  to  the 
chemiluminescent  channels.  The  low  statistical  weight  of  the  near  C2v 
collisions  is  partly  responsible  for  the  chemiluminescent  quantum  yields  in 
these  systems.  For  the  M+XY  reactive  encounters,  which  cannot  access  a  C2v 
collision  trajectory,  the  outer  harpooning  process  must  always  correspond  to 
an  avoided  crossing  which  shields  the  channel  for  chemiluminescent  product 
formation.44  As  we  compare  the  continua  generated  for  the  barium  atom  -  mixed 
halogen  reactions  with  IC1  and  IBr  with  those  for  the  corresponding 
homonuclear  Cl2,  Br2,  and  I2  reactions  (Fig.  1),  we  observe  a  considerably 
weaker  emission  for  the  mixed  halides  vs.  their  homonuclear  counterparts. 
However,  this  difference  diminishes  for  the  strontium  system  (Fig.  2)  and  is 
almost  completely  muted  for  the  calcium  system  (Fig.  3). 

We  suggest  that  this  behavior  is  again  consistent  with  the  electron  jump 
process.  The  probability,  P,  that  there  is  no  change  in  electronic  state 
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during  passage  through  the  "outer  harpooning"  crossing  point,  Rx,  can  be 
given  approximately  by 

P  -  exp(-vm/v)  (4) 

where  vm  is  the  characteristic  velocity  (proportional  to  Rx2  and  A£x2,  the 
separation  between  the  ionic  and  covalent  curves  at  the  crossing  point)  and  v 
represents  the  initial  relative  velocity  of  the  colliding  alkaline  earth  metal 
and  halogen  molecule.  In  concert  with  the  alkaline  earth  ionization 
potentials,  we  anticipate  Rx(Ba)  >  Rx(Sr)  >  Rx(Ca)  for  a  given  halogen 
molecule,  implying  vm(Ba)  >  vffl(Sr)  >  vm(Ca).  With  vCa_x  >  vSr_x  >  vBa_x 
we  have  2  2 


(Vv>Ba  >  <vm/v)sr  >  <Vv>Ca  (5) 

suggesting  that  the  probability  of  "outer  harpooning"  and  the  formation  of  the 

ground  state  metal  halide  is  greatest  for  the  barium  reactions  and  decreases 
for  the  reactions  of  strontium  and  calcium  respectively.  As  the  character¬ 
istic  relative  velocities  of  the  reactants  at  the  ionic-covalent  crossing 
increases  in  traversing  the  Group  IIA  metals  from  barium  to  calcium,  the 
reactions  now  overcome  or  tunnel  through  the  barrier  to  chemiluminescent 
product  formation. 

The  singly  ionic  excited  configurations  X'^M+X*1/2  and  X‘1/2M+*(nd) 

X  are  expected  to  have  a  substantially  reduced  binding  energy  compared 
with  the  ground  state  of  the  dihalide.  This  alone  should  promote  an 
intermediate  of  considerable  spatial  extent,  facilitating  the  possibility  of 
collisional  stabilization.  The  symmetry  constrained  electron  jump  process 
signals  a  dynamic  constraint  which  is  not  consistent  with  the  two  step  double 
harpooning  process  (1).  The  dominant  participation  of  this  process  would 
require  (Table  VI)  that  the  highly  vibrationally  and  rotationally  excited  MX 
product  of  an  initial  M+X2  reactive  encounter  maintain  axial  alignment  along 
the  perpendicular  bisector  of  the  X2  bond  as  the  second  electron  jump  process 
occurs.  This  is  a  highly  unlikely  possibility. 

We  suggest  that  the  absence  of  difluoride  emission  spectra  resulting  from 
the  calcium,  strontium,  and  barium  reactions  and  the  weak  difluoride  emission 
continuum  observed  for  the  magnesium  reaction  can  also  be  explained  within  the 
framework  of  the  electron  jump  process.  Because  the  ionization  potential23  of 
magnesium  (7.644  eV)  considerably  exceeds  those  of  calcium  (6.111  eV), 
strontium  (5.692  eV),  and  barium  (5.210  eV),  the  Mg  +  F2  reaction  is  expected 
to  proceed  more  slowly  as  covalent  forces  come  into  play  and  the  electron  jump 
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process  is  less  efficient.  With  e  less  efficient  electron  jump  process  and 
an  interaction  at  closer  range,  the  probability  for  fluorine  molecule 
dissociation  can  be  diminished  to  the  extent  that  the  difluoride  complex  can 
be  formed  and  collisionally  stabilized. 

The  electron  jump  model  qualitatively  explains  the  observed  trends  in 
dihalide  emission  intensity.  More  detailed  calculations  of  the  couplings  at 
the  avoided  crossing  regions  will  be  needed  to  place  these  arguments  on  a  more 
quantitative  base  however  the  framework  of  collision  complex  stabilization  is 
established.  Refinements  will  best  be  accomplished  following  an  initial 
effort  to  parameterize  dihalide  electronic  and  vibronic  structure  from  optical 
signatures  (energy  levels,  radiative  lifetimes,  differential  bond  angle 
changes),  all  of  which  can  also  serve  to  refine  ionic  models. 
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TABLE  I I 


Geometry  of  Group  IIA  Dihalides 


Metal 


Halide 

F  Cl 


Be 


a 

4  4 


Mg 

Ca 

Sr 


4 

b 

b 


4 

4 

b 


Ba 


b  b 


a 

it 


linear;  b,  bent 


Table  III 


Group  I  LA  Dihalide  Low-Lying  Electronic  States 
Potential  Electronic  Transitions  in  Emission 


• . .(xa2)2(yb2)2 

Ground  State 

. .  .(xa2)1(yb2)2(£a1)1 
.  . •(xa2)2(yb2)1(Za1)1 

*'3*2 

A-X  region 

1*3b2 

A-X  region  transitions*5 
will  produce  large 
change  in  bond  angle 

• • • (xa2)1(yb2)2(mb1)^ 

. . . (xa2)2(yb2)1(mb1)1 

1*3b2 

B-X  region 

’  a2 

B-X  region  transitions*5 
will  produce  significant 
change  in  bond  length 

. . . (xa2)1(yb2)2(na^)1 
. . • (xa2)2(yb2)1(na1)1 

1,3a2 

C-X  region 

1*3b2 

C-X  region  transitions*5 
will  produce  significant 
change  in  bond  length 

.  -  ,  ,  7  «■  - 1  Wioiia  ion 

is  vibromcally  allowed  through  coupling  with  the  gr  id  or  excitec  state 
asymmetric  stretch  of  b2  symnetry.  The  corresponding  :riplet-singlet 
transitions  will  be  weaker. 


Table  TV 
BaCi-)  Continuum 


Cl2 

Ba+Cl2  - ►  BaCln*  +  Cl-, 


PressureN  1  (A) 


3000 


3553 


4327 


tu on  o x 

4659 

rressure 

5000 

5765 

6318 

.97 

.68 

.41 

.34 

.89 

.57 

.26 

.  18 

.89 

.60 

.25 

.18 

.83 

.58 

.25 

.  18 

.92 

.63 

.30 

.19 

.91 

.59 

.25 

.16 

.89 

.58 

.25 

.16 

.89 

.58 

.24 

.14 

.90 

.60 

.23 

.15 

.88 

.56 

.22 

.13 

.88 

.55 

.23 

.13 

.90 

.54 

.23 

.11 

.85 

.53 

.20 

.11 

.86 

.55 

.21 

.16 

.86 

.53 

.20 

.11 

.86 

.54 

.21 

.10 

.87 

.55 

.21 

.  10 

.84 

.53 

.20 

.10 

.85 

.54 

.19 

.10 

.86 

.54 

.20 

.10 

.87 

.55 

.20 

.  10 

.86 

.55 

.20 

.11 

.85 

.55 

.20 

.10 

3  x  10'5 

.26 

00 

in 

• 

1.0 

4  x  10"5 

.13 

.51 

1.0 

4  x  10*5 

.14 

.46 

1.0 

5  x  10‘5 

.17 

.50 

1.0 

5  x  10"5 

.  16 

.52 

1.0 

6  x  10-5 

.  13 

.50 

1.0 

6  x  10"5 

.12 

.49 

1.0 

7  x  10-5 

.11 

.49 

1.0 

7  x  10_s 

.10 

.50 

1.0 

8  x  10-5 

.08 

.50 

1.0 

8  x  10'5 

.09 

.51 

1.0 

9  x  10“5 

00 

o 

• 

.50 

1.0 

9  x  10"5 

00 

o 

• 

.47 

1.0 

10  x  10'5 

.08 

.49 

1.0 

10  x  10'5 

.07 

.49 

1.0 

2  x  10-4 

.07 

.51 

1.0 

2  x  10'4 

.07 

.52 

1.0 

3.1  x  10‘4 

.07 

.49 

l.o 

3.1  x  10'4 

.07 

.49 

1.0 

4  x  10’4 

.07 

.52 

1.0 

4  x  10*4 

00 

o 

• 

.51 

1.0 

5  x  10”4 

.08 

.52 

1.0 

5  x  10-4 

.09 

.53 

1.0 

Table  V 
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States  Arising  from  M  +  X2  Reactant  Configurations  | 

M(1S)  +  X2(1E  +) 

© 

M+(2S)  +  X2-(2Zu‘t‘) 

M+^S)  +  X2’(1sg+) 
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Table  VI 


States  Arising  from  MX  +  X2  Reactant  Configurations  with  the  MX 
Molecular  Axis  Along  the  Perpendicular  Bisector  of  the  X2  Bond 


£2v 

£««v 

MX(2E+  +  X2(1Eg+) 

2a* 

2Al 

2e 

MxVe*)  +  X2"(2Eu+) 

2a- 

2fi2 

2e 

Figure  Cap t loo* 


(if)”  Cl  C5“il^ineac“t  *Pectra  fo*  (*)  the  BaX2  (XY)  product  of  the  Ba 
’  S2.  Kl.  ll  reactions  at  conparable  Group  IIA  metal  beam  flu* 

comparable  halogen  pressures  over  the  range  5  x  10'6  -  l  x  10'^Torr  a«  d 
measured  by  a  capacitance  manometer.  On  the  scale  of  tL% II  * 
from  a  BalCl  complex  is  negligible  and  the  optical  signer  e^f*the 
eaction  consists  almost  exclusively  of  emission  from  the  BaCl  C2T  -BX2J'+IC1 
transition,  (b)  the  BaX2  (XY)  product  of  the  Ba  (h)  ♦  Br.  IBr  r  . 

at  comparable  Group  IIA  metal  beam  flu*  and  ’  B  2’  IBr*  X2  reactions 

x  10‘6  -  1  *  in-4  a  l1  d  hal°8en  Pressures  over  the  range  5 

of the  B.  (3d  ♦  I  ,  by  -"O-tTi  th.  BaX  products 

(c)  the  BaX2  (XY ) product  “  t^BaTs  Ta”  n?  ‘“ft"'  ln  th' 

Group  IIA  metal  beL  flu*  L  I  ,  1  }  C12»  C1F  reacti°n*  at  comparable 

v  in-4  t  “  fT  d  halo8*n  pressures  over  the  range  5  x  10'6  -  1 

resulting^from  “eaSr(lS1  £  aS’Ej ?cf“ 

All  spectra  were  taken  at  a  resolution  of  12  k.  See  text  for  discussion. 

flf)rI  ll  Chemiluminescent  spectra  for  (a)  the  SrX2  (XY)  product  of  the  Sr 

halno.n2’  IC1*  12  reacbic?ns  comparable  Group  IIA  metal  beam  flux  and 
halogen  pressures  over  the  range  1  x  10‘5  -  1  x  10-4  Torr  as  measured  bv  a 

S2*fJt“Ce  nr0°etfr;  obsarved  SrX  •aiaaion  features  are  also  identified  in 

(5?  r:tlv*  i:,r,ity  of  th* SrIBr  contin'T' 

from  the  Sr  (  S)  +  IBr  reaction  verses  that  for  the  Sr  (*S)  +  I9,  Br9  reac¬ 
tions  is  similar  to  that  for  the  Sr  (1S)  +  IC1  reaction  versus  the  S?  (*5)  + 
i..  ci.  *u  ,pectr.  tllkm  « .  c.aolutlon  of  12 


12*  Cl2  reactions, 
for  discussion. 


JlR  !  ri  Cb“U!“inescent  sP«ctra  for  (a)  the  CaX2  (XY)  product  of  the  Ca 
i  ,  C12»  IC1*  l2  reactions  at  comparable  Group  IIA  metal  beam  flux  and 

halogen  pressures  over  the  range  3  x  10-5  -  2  x  1C*4  Torr  as  measured  by  a 

IT  tit™*  y“°“t«;vobfrv«d  CaX  emission  featu  are  also  idem  fied  in 
the  figure,  (b)  the  CaX2  (XY)  product  of  the  Ca  (xi  r  Br2,  IBr,  I9  reactions 
at  comparable  Group  IIA  metal  beam  flux  and  halogen  pressures  over  the  range  4 

2  X  101  fcI0rr  JS,?*?SUr*d  by  c*P*citance  manometer.  All  spectra  were 
taken  at  a  resolution  of  12  X.  See  text  for  discussion. 

Figure  4:  Bond  angle  variation  valence  correlation  diagram  for  the  highly 

ionic  BeF2  molecule.  Energy  is  in  Hartrees.  See  reference  29  and  text  for 
discussion. 

Figure  5s  Chemiluminescent  intensity  versus  oxidant  pressure  for  the 
reactions  Ba  +  Cl2  -*  BaCl2  and  Ba  +  C1F  -*  BaCIF  .  The  results  were  obtained 
at  a  wavelengths  of  4500  A  and  4000  k,  respectively,  and  at  a  resolution  of  10 
A.  Pressures  were  measured  with  a  capacitance  manometer.  See  text  for 
discussion. 


Figure  6:  Chemiluminescent  intensity  versus  oxidant  pressure  for  the 
reactions  Ba  +  P2,  Cl2,  Br2,  and  I2  from  the  data  of  Wren  and  Menzinger  (Ref. 

*•  re interpreted  in  the  text,  dihalide  emission  is  monitored  in  the  Cl2» 
Br2,  and  I2  studies  whereas  monohalide  amission  is  monitored  in  the  F9  study. 
See  text  and  Appendix  A  for  discussion. 
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nanometer .  See  test  for  discussion.  Ith  *  Cap*cltance 
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APPENDIX  A 


Formation  of  Highly  Vibrationally  Excited  BaF*B2E+  from  the  Ba  +  C1F  F 
Reactions  *  2 

Some  confusion  in  the  interpretation  of  the  dynamics  of  the  Group  HA- 
halogen  molecule  reactions  has  resulted  from  the  assignment  of  monofluoride 
emission  features  to  the  difluorides.  Menzinger.l  in  studying  the  reactions 
of  calcium,  strontium,  and  barium  with  nolecular-f luorine,  assigned  an 
observed  6000-7500  £  feature,  resulting  from  the  Ba  ♦  F2  reaction,  to  a  BaF, 
continuum  emission  on  the  basis  of  a  conceived  minimal  correlation  with  the 
BaP  BE  -  X  E+  emission  system.  He  noted  also  the  virtual  absence  of  CaF, 
and  SrF2  emission  features.  Engelke2*3  identified  the  B2E+  -  X2E+  (  .6000- 
7000  and  A2n  -  X2E*  (  .7500-8800  i)  band  systems  of  BaF  resulting  from  the 
-crossed  beam"  Ba(3Di)  +  P2  reaction  at  pressures  less  than  10*3  Torr. 

The  Ba  +  C1F  reaction  (Fig.  1(c)),  like  the  Ba  ♦  P2  system,  is  charac¬ 
terized  by  an  emission  feature  extending  from  6000  to  7000  L  It  is  apparent 
even  in  the  fast  scan  of  Fig.  1(c)  that  this  is  a  structured  feature;  the 
higher  resolution  scan  depicted  in  Figure  A1  demonstrates  that  the  observed 
spectrum  corresponds  to  the  B2£+  -  x¥  band  system  of  BaF.  While  this 
correspondence  can  be  established,  the  chemiluminescence  spectrum  differs 
notably  from  previously  observed  emission  features  for  the  B-X  system.  The 
chemiluminescence  spectrum  is  dominated  by  Av  -  +2  to  Av  -  +5  sequences 
whereas  all  previous  spectra  are  dominated  by  the  Av  -  0,  Av  -  +1,  and  Av  -  -1 
sequence  groupings.  The  reason  for  this  discrepancy  can  be  discerned  from  the 
simulation  for  the  BaF  B2Z+  -  X2E+  transition  presented  in  Figure  A2. 

To  generate  the  simulation  of  Figure  A2,  we  used  the  BaF  molecular 
constants  of  Effantin  et  al.4  A  suitable  set  of  Franck-Condon  factors  was 
calculated,  using  standard  techniques,5  from  the  rotationless  RKR  potentials 
of  the  B2E+  and  X2Z+  electronic  states  of  the  BaF  molecule.  We  considered 
transitions  between  the  lowest  fifty  vibrational  levels  of  each  state.  A 
Boltzmann  rotational  temperature  close  to  800K  was  imposed  on  each  upper  state 
vibrational  level  and  chemiluminescent  transitions  were  allowed  from  populated 
B  state  vibrational  levels  to  the  lowest  fifty  vibrational  levels  of  the 
ground  electronic  state.  A-type  doubling,  appropriate  for  a  2Z-2Z  transi¬ 
tion,5  was  included  in  the  simulation  for  both  the  upper  and  lower  electronic 


states.  The  resulting  spectrum  was  appropriately  smoothed  to  simulate  a 
finite  bandwidth  instrument  response  in  order  to  facilitate  comparison  with 
experimental  observations.  The  upper  state  vibrational  population  distribu¬ 
tion  is  clearly  non-Boltzmann  in  character.  We  find  that  the  BaF  spectrum  of 
Figure  A!  is  well  represented  by  a  strongly  inverted  vibrational  distribution 
peaking  at  v1  -  38.  Transitions  involving  the  lower  vibrational  levels  are 

strongly  diagonal,  however,  high  vibrational  excitation  fosters  the  observed 
sequence  deviations. 

Because  the  impact  parameter  for  the  electron  jump  reactions  of  barium  is 
quite  high,  we  also  considered  the  possibility  that  the  effective  potential 

Ueff(R)  -  U(R)  +*2  j(j+i)/2u*2 

for  the  previous  and  present  spectroscopic  studies  differs  substantially, 
promoting  a  deviation  from  diagonal  Av  *  0  sequence  structure.  While  a 
greatly  increased  rotational  excitation  causes  some  deviation,  this  is  by  no 
means  sufficient  to  explain  the  clear  Av  -  +2,  +3  sequence  domination 
depicted  and  simulated  in  Figs.  A1  and  A2. 

The  results  obtained  for  the  Ba  +  C1F  reaction  portend  of  the 
rovibrational  distribution  we  expect  for  the  Ba  +  F2  reaction  which  is 
considerably  more  exothermic.  From  a  scan  (Fig.  A3)  taken  at  the  long 
wavelength  onset  of  the  dominant  continuous  emission  (Fig.  1(d)),  we 
recognize  features  corresponding  to  the  Av  -  +1  sequence,6  however,  the 
identification  of  these  features  is  greatly  aided  by  our  knowledge  of  the 
observed  trends  in  the  Ba  +  C1F  (B2Z+  -  X2Z+)  emission  spectrum.  With  a 
larger  reaction  exoergicity  and  a  comparable  if  not  greater  impact  parameter, 
the  Ba+F2  reaction  should  display  (1)  a  more  pronounced  off-diagonal  shift  in 
the  BaF  BE  -  X  E  emission  system  as  considerably  higher  vibrational  levels 
are  populated  and  (2)  a  significant  increase  in  rotational  excitation. 
Experiments  confirm  this  result  as  the  rotational  excitation  is  so  pronounced 
that  the  resolution  of  vibrational  structure  is  difficult.  At  wavelengths 
shorter  than  6900  X,  the  overlap  of  vibrational-rotational  structure  leads  to 
a  spectrum  of  such  density  that  resolution  is  precluded.  There  is,  however,  a 
clear  trend  toward  emission  from  the  Av  ■  +N  sequences. 

The  linear  pressure  dependence  reported  by  Wren  and  Menzinger7  for  the  Ba 
+  F2  reaction  is  not  surprising.  Because  a  BaF  B2E+  -  X2Z+  fluorescent 
feature  is  monitored,  the  observed  pressure  dependence  with  halogen 
concentration  is  linear  since  the  radiative  lifetime  for  the  B2E+  state  of 


B.F  is  of  ord.r  10"  s.cond.,8  Th.  collision  fr.qu.ncy  ,t  10'*  Torn,  th. 
upp.r  limit  of  th.  pressur.  d.p.nd.nt  plot,  is  of  ord.r  loVs.c;  th.r.for., 
thos.  BaF  B  B  nolecul.s  feed  in  bimol.cul.r  r.action  r.di.t.  ».ll  b.for. 
suffering  secondary  collisions. 
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Fitur*  Captions  (Appandiz  A) 

Figure  1:  BaF*  B2E+  -  g2E+  chemiluminescent  emission  spectrum  for  the 
reaction  Ba  +  C1F  ->  BaF  +  Cl  over  the  pressure  range  1  x  10‘5  to  1  x  10-z* 
Torr  corresponding  to  "single  collision"  conditions.  The  spectrum  is 
characterized  by  off-diagonal  sequence  structure.  Bandheads  are  designated  by 
the  excited  state  vibrational  quantum  number  and  all  identified  sequences 

correspond  to  a  larger  quantum  number  for  the  excited  state  than  that  for  the 
ground  state.  ue 


Figure  2:  Simulation  of  the  BaF*  B2E+  -  X2Z+  chemiluminescent  emission 
spectrum  for  the  Ba  +  C1F  -»  BaF  +  Cl  reaction  (Fig.  1).  The  simulated 
spectrum  suggests  the  vibrational  distribution  inset  in  the  figure  peaking  at 
the  high  excited  state  vibrational  quantum  level  v*  »  38. 


Figure  3:  Section  of  the  BaF  B  E  -  X  E+  chemiluminescent  emission  spectrum 
for  the  reaction  Ba  +  F2  -»  BaF  +  F.  Based  on  comparison  with  Figures  1  and 
2,  the  excited  state  distribution  is  expected  to  peak  at  very  high 
vibrational  quantum  level,  v' .  Bandheads  are  designated  (v',v"). 
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"Confirmation  of  Long-Range  Collision  Complex  Stabilization  Through  The 
Controlled  Relaxation  of  High  Internal  Excitation",  H.  Wang,  J.  S.  Joiner,  D.  E. 
Dawson,  and  J.  L.  Gole,  J.  Chem.  Phys.,  submitted. 
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ABSTRACT 


A  series  of  controlled  multiple  collision  chemiluminescent  and  laser 
induced  fluorescent  studies  confirm  the  long-range  collisional  stabilization 
of  high  temperature  Group  IIA  dihalide  complexes  of  some  considerable  extent. 
The  relaxation  process  demonstrates  that  the  near  continuous  emissions 
observed  under  near  single  collision  conditions  (previous  paper)  correspond 
to  the  overlap  of  a  closely  spaced,  highly  excited,  rovibronic  distribution 
and  reveals  the  first  vibrationally  resolved  electronic  emission  for  the 
dihalides.  The  vibronic  structure  of  the  observed  emission  spectra  correlates 
well  with  expectations  based  on  the  molecular  electronic  structure  of  the 
ground  and  low-lying  electronic  states  of  the  dihalides.  The  vibronically 
resolved^emission  from  the  Sr  +  IC1  H«  SrICI*  and  mixed  halogen  Sr  +  Cl2,  Br2 
e-*SrCl2  +  SrBr2*  reactions  provides  strong  support  for  the  formation  of  a 
collisionally  stabilized  dihalide  complex.  These  results,  correlated  with  the 
near  single  collision  studies,  form  a  basis  for  the  discussion  of  the  kinetics 
of  formation  of  the  dihalide  complexes.  The  influence  of  dihalide  complex 
formation  on  the  discrepancies  between  those  bond  strengths  determined  by  mass 
spectrometry  and  chemiluminescence  are  discussed. 


INTRODUCTION 


In  the  previous  paper1  we  considered  a  series  of  nearly  continuous 
emission  features,  generated  from  Group  IIA  metal-halogen  molecule  reactions 
and  extending  across  the  visible  and  ultraviolet  regions  of  the  spectrum.  We 
assigned  these  continue  to  highly  excited  Group  IIA  dihalide  emitters.  These 
emission  features,  studied  under  near  single  collision  conditions  in  a  beam- 
gas  environment,  might  be  attributed  to  the  overlap  of  a  closely  spaced  highly 
excited  ro-vibronic  distribution.  Alternatively  they  might  correspond  to  a 
predissociating  and  broadened  level  structure  or  even  the  manifestation  of  a 
fly-by  collision.  By  extending  single  collision  chemiluminescent  and  laser 
induced  fluorescent  studies  in  a  controlled  manner  to  the  multiple  collision 
pressure  regime2  we  wish  to  employ  the  relative  rates  of  R-R  and  V-V 
relaxation  processes.  We  wish  to  relax,  if  possible,  the  high  degree  of 
rotational  excitation  characteristic  of  the  single  collision  environment  while 
still  preserving  the  degree  of  vibrational  excitation.  Not  only  does  this 
approach  elucidate  the  single  collision  process,  but  also  it  greatly  aids  the 
identification  of  the  chemiluminescent  emitter  and  simplifies  laser  induced 
fluorescent  evaluations  of  the  reactive  environment. 

The  controlled  extension  of  the  study  of  highly  exothermic  processes  to 
the  multiple  collision  regime  also  reveals  unexpected  efficiencies  for  the 
rates  of  energy  transfer  among  the  electronically  and  highly  vibrationally 
excited  states  of  high  temperature  molecules.2-2  Collision  induced 
intramolecular  energy  transfer  proceeds  at  rates  which  for  certain  levels  may 
approach  500  times  gas  kinetic  with  cross  sections  well  in  excess  of  4000  %2. 

It  appears  that  both  the  low-lying  electronic  states  and  high  vibrational 
levels  of  the  ground  state  of  simple  high  temperature  molecules  interact  with 
a  collision  partner  as  if  strong  interactions  are  present  over  a  much  larger 
region  of  configuration  space  than  might  have  been  previously  anticipated.2-2 

If  the  single  collision  dihalide  continuum  observed  at  low  pressures1 
results  from  an  extremely  high  rotational  excitation,  and  if  this  excitation 
can  be  relaxed  selectively,  the  identity  of  the  contributing  dihalide  excited 
states  might  be  established.  Here  we  demonstrate  the  successful  relaxation 
of  the  continuous  dihalide  emission  features  (considered  previously)  and 
determine  that  these  continua  correspond  to  the  overlap  of  emission  from 
three  transition  regions.  We  establish  the  discrete  nature  of  the  dihalide 


1 


emissions  which  contribute  to  the  single  collision  continuum,  obtain  the 
first  vibrationally  resolved  emission  spectra  for  the  Group  IIA  dihalides, 
and  confirm  the  highly  efficient  R3BR  mechanism  for  their  formation. 

EXPERIMENTAL 

Sources 

The  multiple  collision  studies  outlined  here  were  carried  out  in  an 
entrainment  device  similar  to  that  used  previously.6*7  The  Group  IIA  metals 
calcium,  strontium,  and  barium,  were  vaporized  from  specially  designed  and 
capped  c.s.  grade  graphite  crucibles  at  temperatures  between  900  and  1200K 
producing  a  vapor  pressure  between  -t 10'3  and  10'1  Torr  for  most  of  the 
experiments  considered  in  the  present  study.  The  crucibles  were  machined  to 
fit  inside  a  commercial  tungsten  basket  heater  (R.  D.  Mathis,  Long  Beach,  CA) 
which  was  lightly  wrapped  with  zirconia  cloth  (Zircar  Products,  Florida, 

N.  Y.).  The  Group  IIA  metal  flux  was  entrained  in  a  helium  (Holox  99.998Z) 
or  argon  (Holox  99.99Z)  buffer  gas  and  transported  to  the  reaction  zone.  At 
a  suitable  point  above  the  flow  the  halogen  molecule  oxidants  intersected  the 
entrained  Group  IIA  metals,  entering  from  a  concentric  ring  injector  inlet. 
Typical  operating  pressures  ranged  from  10  to  80  mTorr  of  oxidant  and  between 
1  and  2  Torr  of  helium  buffer  gas. 

Detection  Systems  and  Laser  Induced  Fluorescence  Studies" 

Both  chemiluminescent  and  laser  induced  fluorescent  techniques8  were 
used  to  monitor  reaction  products  in  the  multiple  collision  pressure  regime. 
The  chemiluminescence  for  the  reactions  of  interest  was  monitored  at  right 
angles  to  the  metal  flow.  Spectral  emissions  were  dispersed  with  a  1-m  Spex 
scanning  monochromator  operated  in  first  order  with  a  Bausch  and  Lomb  1200 
groove/mm  grating  blazed  at  5000  X.  Either  cooled  RCA  1P28  or  4840  or  a  dry 
ice  cooled  EMI  9808  photomultiplier  tube  was  used  to  detect  the  dispersed 
fluorescence  and  provide  a  signal  for  either  a  Keithley  417  fast  picoammeter 
or  a  417  autoranging  picoammeter.  The  output  signal  from  the  picoamaeters  was 
then  sent  either  to  a  Hewlett  Packard  chart  recorder  or  to  a  personal 
computer  for  storage  and  subsequent  analysis.  All  spectra  were  wavelength 
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calibrated  with  a  mercury  arc  lamp9  or  with  respect  to  the  Group  IIA  metal 
atomic  emissions.9 

In  order  to  carry  out  the  laser- induced  fluorescence  (LIF)  experiments, 
the  second  harmonic  of  a  Quanta- ray  Nd:YAG  laser  (0.53  y)  was  used  to  pump  a 
Spectra-Physics  PDL-3  pulsed  tunable  dye  laser  system  operated  with  DCM  or 
LDS698  dye.  The  output  of  the  pulsed  dye  laser  (with  a  linewidth  of  0.07 
cm  1  and  a  pulsewidth  of  9  ns)  was  then  either  mixed  with  the  fundamental 
output  of  the  YAG  laser  or  frequency  doubled  in  a  frequency  mixer  (Quanta-Ray 
WEX-1)  to  produce  UV  (in  the  range  310-410  nm)  coherent  radiation.  The  laser 
beam  was  introduced  to  the  reaction  chamber  in  a  direction  perpendicular  to 
both  the  reactant  flow  and  detector.  The  YAG  laser  was  triggered  by  a 
digital  pulse  generator  (SRS  DG535)  with  a  repetition  rate  of  15  Hz.  The  Q- 
switching  signal  of  the  YAG  oscillator  was  used  to  trigger  a  boxcar  integrator 
(SRS  SR250)  for  better  synchronization.  The  fluorescence  induced  by  the  UV 
laser  pulse  was  collected  with  an  RCA  1P28  photomultiplier  (2.2  ns  rise  time) 
and,  through  a  fast  preamplifier  (CLC  100  Video  Amplifier,  500  MHz),  sent  to 
the  gated  integrator  to  record  the  spectrum  as  a  function  of  the  laser 
frequency.  A  fast  digital  oscilloscope  (HP  54111D,  0.7  ns  rise  time)  was  used 
to  real  time  monitor  and  record  the  fluorescence  decay.  The  integration  gate 
was  set  to  a  proper  width  in  the  range  from  20  to  300  ns,  dictated  by  the 
nature  of  the  monitored  fluorescence  decay,  with  a  delay  timed  such  that  the 
gate  opened  just  after  the  short  laser  scattering  pulse,  thus  reducing 
background  noise.  A  personal  computer  (PC)  drove  the  dye  laser  stepper 
motor,  scanning  the  dye  laser  frequency  and  acquiring  the  averaged  output  data 
from  the  boxcar  synchronously.  In  order  to  achieve  a  linear  scan  in 
wavelength  when  the  dye  laser  frequency  was  mixed  with  the  infrared,  the  scan 
step  size  of  the  dye  laser  was  calculated  in  real  time  using  the  PC.  The 
output  frequency  of  the  WEX-1  was  calibrated  using  aluminum  atom  lines.9 

A  GROUP  IIA  DIHALIDE  CORRELATION  DIAGRAM 

The  BeF2  correlation  diagram  presented  in  the  previous  paper*,  while 
oriented  to  the  energetics  of  the  BeF2  valence  orbitals  as  a  function  of  bond 
angle10,  carries  the  essence  of  the  bonding  trends  in  these  highly  ionic  AB2 
type  molecules.  Even  with  a  modification  of  this  diagram  to  encompass 
changes  associated  with  the  transition  from  light  metal-heavy  halogen  linear 
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configurations  to  heavy  metal-light  halogen  bent  configurations,  the 
important  considerations  relate  to  the  nature  and  ordering  of  the  „  HOMO  and 
°g  and  ttu  LUMO  orbitals  of  the  linear  configuration.  In  contrast  to  C02  where 
the  lowest  lying  LUMO  is  of  *u  symmetry,  the  highly  ionic  character  of  the 
BeF2  molecule  facilitates  a  switch  such  that  the  og  LUMO  lies  lowest.  The 
corresponding  lowest  energy  transitions,  which  are  electric  dipole  forbidden 
for  the  linear  dihalides  in  absorption,  should  also  be  quite  weak  for  the 
heavier  bent  dihalides  because  of  their  very  low  bending  mode  frequencies  and 
floppy  nature.11  Transitions  involving  the  irg  HOMO  and  ttu  LUMO  orbitals  are 
electric  dipole  allowed,  representing  the  analogs  of  the  lowest  energy  allowed 
transitions  in  C02;  however,  the  specific  nature  of  the  orbital  makeup  in  BeF2 

suggests  that  the  oscillator  strength  of  these  transitions  will  be  smaller 
than  that  of  C02. 

In  emission,  the  lowest  energy  "allowed"  dihalide  transitions  should  be 
from  a  highly  bent  XB2  excited  state  and  the  A1B2  -  XlA1  band  system  should  be 
dominated  by  long  progressions  in  the  bending  modes  of  the  upper  and  (near 
linear)  ground  electronic  states.  We  have  observed  this  emission  system  for 
Ca-Cl2,  Ca-Br2,  Sr-Cl2,  and  Sr-Br2,  reactive  encounters.  Even  though  we 
monitor  an  allowed  transition  in  emission  which  is  governed  by  the  selection 
rules  for  a  C2v  molecule,  a  ready  pressure  dependent  quenching  of  the  relaxed 
chemiluminescent  spectrum  for  the  A-X  system  would  appear  to  manifest  the  g-g 
selection  rule  in  absorption  (Table  I).  In  this  same  spectral  region, 
transitions  from  a  ^2  excited  state  would  be  expected  to  be  weak  due  to  the 
electric  dipole  selection  rules  for  a  C2v  molecule.  However,  the  vibronically 
coupled  transition  involving  the  asymmetric  stretch  (b2)  mode  is  allowed. 

This  might  produce  a  band  system  of  moderate  strength  characterized  by  an 
alternating  intensity  pattern  with  frequency  intervals  indicative  of  the 
asymmetric  stretch.  We  find  little  evidence  for  this  vibronically  allowed 
emission  in  the  observed  relaxed  multiple  collision  spectra  for  the 
dihalides.  Transitions  involving  the  ^B2  state  (corresponding  to  the  spin 
unpaired  electron  configuration  which  is  the  analog  of  the  JB2  state)  are 
"spin  forbidden"  and  are  therefore  also  expected  to  be  weak.  We  anticipate 
the  change  in  bond  angle  which  accompanies  these  lowest  energy  transitions  to 
be  so  pronounced  that  the  observed  emission  spectrum  can  be  expected  to  extend 
over  several  hundred  angstroms.  We  summarize  our  conclusions  on  the  lowest 
energy  transitions  for  the  dihalides  in  Table  I. 
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At  somewhat  higher  energies  in  emission  (Table  I)  we  expect  to  observe 
transitions  from  excited  states  which  result  from  promotion  to  the  bj(iTu)  and 
at  somewhat  higher  energies,  the  3i(itu)  orbital.  We  associate  the  resulting 
electron  configurations  and  transitions  with  the  B  and  C  state  regions 
summarized  in  Table  I,  the  electric  dipole  allowed  transitions  corresponding 
to  B  ^2  -  X 1kl  and  C1B2  -  XJAX  respectively.  The  bond  angle  change 
accompanying  these  transitions  is  not  as  pronounced  as  that  accompanying  the 
lowest  energy  A-X  band  system,  however  a  change  from  u  nonbonding  to  u-anti- 
bonding  character  should  result  in  a  spectrum  dominated  by  progressions  in  the 
dihalide  stretching  frequency.  Emission  corresponding  to  the  B-X  system  has 
been  observed  for  Ca-Cl2,  Ca-Br2,  Sr-Cl2,  Sr-Br2,  and  Sr-ICl  reactive 
encounters,  whereas  the  C-X  system  is  excited  only  as  a  result  of  the 
strontium  reactions. 

MULTIPLE  COLLISION  RELAXED  DIHALIDE  EMISSION  SYSTEMS 

A  successful  and  controlled  extension  from  the  near  single  collision 
pressure  regime  to  the  multiple  collision  condition,  using  primarily  helium 
buffer  gas  entrainment,  provides  the  means  to  collisionally  relax  the  dihalide 
continuum  so  as  to  reveal  what  appear  to  be  three  discrete  band  systems.  We 
obtain  the  first  clear  indication  that  the  low  pressure  continua  correspond  to 
a  profound  rotational  excitation  associated  with  bound  excited  state  levels 
and  not  with  the  free-bound  transition  of  a  very  weakly  bound  dihalide  excited 
state.12  The  overview  spectrum  depicted  in  Figure  1  for  the  Sr  +  Br2  reaction 
combination  is  exemplary.  From  the  figure,  it  is  apparent  that  collisional 
relaxation  produces  a  collapse  in  the  wings  of  the  near  single  collision  SrBr2 
dihalide  continuum,  analogous  to  that  noted  previously  for  BaCl2,1  and  leads 
to  the  observed  relaxed  spectrum  in  Figure  1. 

In  the  SrBr2  overview  spectrum,  the  lower  energy  system  (feature),  which 
extends  from  the  fringes  of  the  ultraviolet  through  the  visible,  is  dominated 
by  a  long  progression  in  the  bending  mode  of  the  SrX2  complex.  This  is 
clearly  apparent  in  the  SrCl2  emission  spectrum  depicted  in  Figure  2.  The 
observed  feature,  catalogued  in  Table  II,  would  appear  to  correspond  to  the 
analog  of  the  1B2  ((la2)2(4b2)(6a^))  ■»  X  1Aj( (la2)2(4b2)2)  transition  in  BeF2 
correlating  in  linear  configuration  to  a  1ng  -  1Eg+  transition  involving  og 
an<1  *g  molecular  orbitals.  For  all  of  the  reactive  combinations  studied  thus 
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far,  we  find  that  both  Group  IIA  metal  and  halogen  molecule  collisions  very 

effectively  quench  this  feature,  a  fact  which  is  not  surprising  in  view  of  the 

anticipated  longer  lifetime  (xradiative  >  l0-5  seconds)  for  the  excited  state 
emitter. 

The  more  clearly  resolved,  higher  energy,  B-X  band  system  depicted  in 
Figure  1  is  displayed  in  greater  detail  for  the  Sr  +  Cl2,  Sr  +  Br2  and  Sr  + 

IC1  reactive  encounters  in  Figures  3-5,  (catalogued  in  Table  III).  A  weaker, 
higher  energy,  C-X  emission  system  which  appears  energetically  accessible  only 
to  the  Sr+Cl2,  Br2,  and  IC1  reactions  is  displayed  in  greater  detail  in  Figure 
6.  The  B-X  and  C-X  band  systems  for  SrCl2  and  SrBr2  would  seem  to  correspond 
to  the  analogs  of  the  electric  dipole  allowed  XB2  ( . . .(la2)(4b2)2(2b1)  and 
...(la2)2(4b2)(2b1))-X1A1  transitions  in  BeF2  (Table  I)  which  correlate  in 
linear  configuration  to  the  allowed  \  -  hg+  transition  involving  the  »u  and 
"g  molecular  orbitals  of  the  linear  dihalide.  This  transition,  which  in  U 
adsorption  involves  primarily  a  change  from  M-X  (M-X  and  M-Y  for  SrICI) 
nonbonding  to  M-X  antibonding  character,  should  be  dominated  by  progressions 
in  the  MX2  (or  MXY  for  SrICI)  stretching  modes.  The  frequency  separations 
between  the  observed  features  are  consistent  with  short  progressions  in  the 
dihalide  stretching  modes  in  agreement  with  this  suggestion. 

The  tentative  assignments  which  we  give  for  the  A-X,  B-X,  and  C-X 
emission  band  systems  are  all  consistent  with  the  lowest  electric  dipole 
allowed  transitions  associated  with  the  Group  IIA  dihalide  correlation 
diagram.  We  favor  these  assignments  over  possible  vibronically  allowed 
transitions  since  we  find  little  evidence  for  alternating  intensity  patterns 
associated  with  the  dihalide  asymmetric  stretching  mode.  However,  it  is  to  be 
noted  that  there  may  be  evidence  for  Fermi  resonances  in  the  observed 
emission  patterns.  This  possibility  is  now  the  subject  of  further  study. 12 

SUPPORT  FOB  A  COLLIS IONALLY  STABILIZED  DIHALIDE  COMPLEX 
The  Energetics  of  Metal  Monohalide  Formation 

We  have  suggested1  that  (1)  the  periodicity  of  Group  IIA  dihalide 
formation,  (2)  the  lack  of  a  difluoride  emission  associated  with  the  calcium, 
strontium,  and  barium  systems,  and  (3)  the  symoetry  effects  which  are  manifest 
in  the  mixed  verses  homonuclear  halogen  molecule  reactions  all  support  the 
validity  of  a  collisional  stabilization  mechanism  and  cast  doubt  on  a  two  step 
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harpooning  mechanism  for  the  formation  of  the  dihalide  emitter.  The  ability 
to  relax  while  not  quenching  the  near  single  collision  dihalide  emission 
continua,  revealing  discrete  emission  features,  provides  a  means  for 
supporting  these  conclusions. 

The  results  we  obtain  in  a  comparative  study  of  the  Sr-Cl2,  Sr-Br2,  and 
Sr-ICl  systems  (Fig.  7)  and  in  a  study  of  the  mixed  Sr  -  Br2  +  Cl2  system 
(Figure  8)  are  significant  for  they  demonstrate  that  the  observed  dihalide 
emission  results,  in  large  part,  from  a  collisional  stabilization  process.  If 
dihalide  formation  occurs  via  the  two  step  double  harpooning  mechanism 
strongly  suggested  by  Menzinger14  and  others  the  combination  of  Sr-ICl  and 
SrX-ICl  reactive  encounters  should  produce  SrCl2,  SrICI,  and  Srl2  emission 
with  the  strong  possibility  that  the  dichloride  emission  dominates  that  for 
the  mixed  halide  and  Srl2.  If  the  collisional  stabilization  mechanism  is 
operative,  the  observed  emission  spectrum  will  correspond  to  the  SrICI  complex 
formed  in  a  dynamically  constrained  electron  jump  process. 

The  reactions  of  strontium  with  Cl2  +  Br2  mixtures  of  varying  relative 
chlorine  and  bromine  concentration  should  produce  emission 'from  SrCl2,  SrBrCl, 
and  SrBr2  (Table  IV)  if  the  two  step  double  harpooning  mechanism  is 
operative.  If  the  highly  efficient  R3BR  collisional  stabilization  process  is 
operative,  the  observed  spectra  should  consist  of  the  sum  of  only  SrCl2  and 
SrBr2  emission  features,  varying  with  the  relative  Cl2  and  Br2  concentration. 

A  study  of  the  Sr-ICl  reaction,  with  its  attendant  symmetry  based  dynamic 
constraint, *  must  be  cautiously  pursued  for  SrCl  molecules  with  moderate 
vibrational  excitation,  produced  from  the  relaxation  of  rapidly  emitting  SrCl 
electronically  excited  products,  can  react  with  IC1  in  a  sufficiently 
exothermic  process  to  produce  SrCl2  emission  features.  In  fact,  under  certain 
conditions,  the  observed  spectral  signature  for  the  Sr-ICl  reaction  can  be 
contaminated  by  SrCl2  emitters  (both  A-X  and  B-X  systems)  formed  via  the 
reaction  of  a  thermal i zed  ground  state  SrCl  product  with  IC1. 

It  is  relevant  that  we  choose  to  evaluate  the  ultraviolet  spectra  in  the 
B-X  region  corresponding  to  one  of  the  strongly  allowed  SrX2  *B2  -  X^-Aj  trans¬ 
itions.  The  band  systems  in  this  region  should  display  a  minimal  difference 
between  the  transition  moments  for  the  SrX2  (X*Cl,Br)  and  corresponding  SrXY 
(XY-IC1)  emitters.  In  monitoring  the  Sr-ICl  reaction,  we  observe  a  dominant 
emission  corresponding  to  the  SrICI  complex  both  in  the  B-X  region  (Figs.  5,7) 
and  at  higher  energies  corresponding  to  a  C-X  band  system  (Fig.  6)  which  can 
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be  easily  populated  by  the  more  exothermic  IC1  reaction.  The  spectrum  in 
Fig.  7  does  show  some  SrCl2  contamination  at  the  higher  temperatures  (higher 
Sr  flux)  over  which  the  three  spectra  in  the  figure  were  obtained.  However 
the  ^nance  of  th«  SrICI  emission  system,  especially  as  it  results  from  a 
symmetry  constrained  process,  is  clearly  apparent.  This  dominance  signals  the 
formation  of  SrICI  in  a  collisionally  stabilized  reactive  encounter  (R3BR) 
where  the  formed  excited  state  complex  is  stabilized  by  a  long  range 
interaction  with  a  second  IC1  molecule. 

The  collage  of  dihalide  spectra  in  Fig.  8,  which  have  been  obtained  for 
varying  mixtures  of  Br2  and  Cl2,  correspond  to  sums  of  emission  features 
resulting  exclusively  from  the  dichloride  and  dibromide  with  no  evidence  for 
the  mixed  halogen  (SrBrCl)  emitter.  This  represents  a  strong  confirmation  of 
the  highly  efficient  collisional  stabilization  mechanism.  The  comparison 
which  we  make  is  based  primarily  on  the  B-X  stretching  mode  region,  again 
avoiding  the  possibility  of  comparing  transitions  with  distinctly  different 
oscillator  strengths  in  the  A-X  emission  region.  We  also  note  that  the 
formation  of  an  SrBrCl  emitter  should  lead  to  a  stronger  A-X  emission  feature 
compared  to  those  for  SrCl2  and  SrBr2.  The  resultant  SrBrCl  emission  should 
appear  approximately  central  to  the  dichloride  and  dibromide  features  in  the 
three  intermediate  panels  of  Figure  8.  We  find  no  evidence  for  this  emission. 

The  lack  of  an  SrBrCl  emission  feature  in  Figure  8  would  appear  to  be 
especially  significant  when  we  note  that  the  sum  of  both  SrCl  and  SrBr 
emission  features  also  characterize  the  monohalide  emissions  for  all  of  the 
chlorine  -  bromine  mixtures  (compare  to  Sr+Cl2  (top)  and  Sr+Br2  (bottom)) 
depicted  in  Fig.  8.  This  implies  that  both  SrCl  and  SrBr  are  available  to 
react  with  Br2  and  Cl2  to  produce  the  mixed  SrBrCl  dihalide.  However,  the 
fast  bimolecular  Sr  +  X2  -*•  SrX  +  X  reactions  are  not  sufficiently  exothermic1 
to  populate  the  electronically  excited  states  of  SrCl  or  SrBr.  Likewise,  a 
collision  induced  transfer  from  the  high  vibrational  levels  of  the  ground 
state  of  SrCl  or  SrBr,  to  form  the  excited  state  emitters,  can  be  eliminated 
as  a  possibility15  in  the  multiple  collision  environment  of  the  present  study 
not  only  on  energetic  grounds,  but  also  on  the  basis  of  an  expected 
thermalization  of  the  ground  state  rovibrational  distribution.  The  data 
displayed  in  Figures  9  and  10  correspond  to  laser  induced  fluorescence 
spectra  for  SrCl  and  SrBr  obtained  using  a  Nd:YAG  pumped  dye  laser  system. 

Fits  to  the  LIF  spectra,  exemplified  by  that  for  the  SrCl  C2n-  X2Z+  band 


8 


system  in  Figure  11,  suggest  a  thermalized  distribution  (Tvib  450K,  T 
450K  -  Appendix  A)  among  the  lowest  vibrational  levels  of  the  ground 
electronic  state  of  the  monochloride  and  monobromide.  As  the  LIF  spectra  are 
taken  in  the  wavelength  regions  characterized  by  strong  dihalide  emission  they 
indicate  that  either  the  radiative  lifetimes  of  the  dihalide  excited  states 
are  considerably  longer  than  those  of  the  monohalide  or  the  population  of 
ground  state  dihalide  levels  is  not  significant. 

We  find  a  close  interplay  between  the  growth  of  the  metal  dihalide  and 
metal  monohalide  emission  features  displayed  in  Figure  8.  The  considerable 
increase  in  the  metal  dihalide  bond  energy  relative  to  that  of  the  monohalide, 
combined  with  the  data  displayed  in  Figures  9-11,  suggests  that  electronically 
excited  SrCl  and  SrBr  are  formed  via  the  dissociation  of  a  dihalide  complex. 

The  considerations  which  we  outline  demonstrate  the  utility  of 
extrapolating  near  single  collision  chemiluminescence  studies  in  a  controlled 
manner  to  the  multiple  collision  pressure  regime.  This  allows  an  assessment 
of  the  electron  jump  process  which  leads  to  excited  state  dihalide  formation. 
The  results  obtained  under  multiple  collision  conditions  support  the 
conclusions  reached  in  the  analysis  of  the  low  pressure  data  and  they  strongly 
suggest  the  probability  that  an  extremely  efficient  collisional  stabilization 
mechanism  represents  the  dominant  means  of  forming  the  dihalide  excited  state. 
This  conclusion  is  also  further  supported  by  the  lack  of  a  continuum  emission 
associated  with  the  fluorine  based  reactions. 

DISCUSSION 

Relaxed  (Discrete)  Emission  from  the  MX2  Collision  Complex 

There  have  been  numerous  studies16'22  of  the  Group  IIA  dihalides,  both 
experimental  and  theoretical, which  suggest  the  ground  state  vibrational 
frequency  ranges  summarized  in  Table  V  for  the  SrCl2  and  SrBr2  molecules. 

There  are  several  comparisons  which  can  be  made  with  the  data  of  Table  V.  It 
is  apparent,  as  we  have  suggested  previously,  that  the  SrCl2  and  SrBr2  B-X 
(Table  III)  and  C-X  band  systems,  which  most  likely  involve  a  change  from  M-X 
nonbonding  to  M-X  antibonding  character,  are  dominated  by  progressions  in  the 
stretching  modes  of  the  dihalide.  A  precise  interpretation  of  the  level 
structure  for  these  systems  must  consider  higher  order  interactions  including 


9 


Fermi  resonances  and  possible  vibronic  couplings,  although  the  latter  do  not 

appear  to  be  strongly  manifest  in  the  observed  emission  features.  Of  equal 

importance  may  be  the  dynamics  of  the  forming  emitting  complex  and  its 

relation  to  the  molecular  electronic  structure  of  that  excited  state  in  which 
it  is  formed. 

The  resolved  features  for  the  SrCl2  A-X  band  system  in  Figure  2  are 
certainly  consistent  with  a  long  progression  in  the  bending  mode  of  the  SrCl2 
emitter.  However,  the  observed  frequency  separations  for  this  readily 
quenched  emission  feature,  which  are  on  the  order  of  110-120  cm-1  (Table  II), 
considerably  exceed  the  bending  mode  frequency  for  the  IIA  dihalide,  measured 
as  <v44  cm’1  18  in  rare  gas  matrices  (calculated  to  be  between  13  and  27 
cm  1  »19).  The  observed  features  cannot  be  attributed  to  a  dihalide 
stretching  mode.  A  series  of  relaxation  studies  suggest  that  the  features 
associated  with  the  A-X  emission  system  correspond  primarily  to  a  progression 
in  the  ground  state  bending  mode  associated  with  the  emitting  complex.  The 
ease  with  which  this  band  system  is  quenched  is  consistent  with  its 
anticipated  long  lifetime.23  These  observations  are  consistent  with  previous 
studies  of  the  chemiluminescent  emission  from  long-lived  excited  electronic 
states  in  that  the  relaxed  emission  appears  localized  to  the  lowest 
vibrational  levels  of  the  upper  electronic  state.2 

We  suggest  that  the  apparent  discrepancy  between  the  determined  frequency 
separations  and  the  expected  dihalide  bending  mode  frequency  may  reflect  the 
remnants  of  bonding  between  the  two  chi:rine  atoms.  The  observed  A-X  band 
system  may  correspond  to  emission  fror  n  intermediate  complex  formed  via  the 
approach  of  strontium  to  Cl2  viz. 
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The  emitting  complex  would  appear  to  correlate  with  a  local  minimum  on  the 
SrCl2  potential  surface24 » 25  which  has  not  yet  completely  rearranged  to  the 
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final  product  dihalide. 

If  we  have  observed  emission  from  a  highly  bent  intermediate  complex, 
this  further  complicates  the  analysis  of  the  B-X  and  C-X  emission  features. 

As  Table  V  demonstrates  for  the  normal  dihalide  ground  state  geometries,  the 
asymmetric  stretch  frequency  considerably  exceeds  that  of  the  symmetric 
stretch,  both  of  which  greatly  exceed  the  bending  mode.  A  preliminary  normal 
mode  analysis  can  be  used  to  suggest  that,  as  the  dihalide  bends  to  angles 
smaller  than  the  equilibrium  bond  angle,  its  symmetric  stretch  frequency 
increases  as  the  asymmetric  stretch  frequency  decreases. Because  the 
symmetric  stretch  frequency  can  approach  and  exceed  the  asymmetric  stretch 
frequency  for  an  SrCl2  complex  formed  as  a  local  minimum  on  the  Sr-Cl2 
reaction  surface,  the  analysis  of  the  observed  features  associated  with  the 
B-X  and  C-X  emission  systems  becomes  more  complex.  In  fact,  the  nature  of 
the  bonding  in  those  excited  states  formed  in  reaction  may  also  strongly 
influence  the  formation  of  the  dihalide  in  one  or  more  local  minima  which 
subsequently  emit  radiation.  These  considerations  are  the  subject  of  ongoing 
collaborative  study. 24,25 

"Bond  Energy  Determinations" 

The  formation  of  a  long-lived  dihalide  complex  via  the  reaction  of  the 
Group  IIA  metals  with  chlorine,  bromine,  and  iodine  also  may  have  implications 
for  the  determination  of  bond  energies  using  chemiluminescent  techniques. ^ 

The  population  of  the  electronically  excited  states  of  SrCl  and  SrBr  from 
the  Sr-Cl2  and  Sr-Br2  reactions  (Figs.  1,8)  at  first  seems  puzzling15  until 
we  note  the  strong  synergism  between  the  development  of  the  dihalide  emission 
features  and  the  subsequent  increase  in  intensity  of  the  monohalide  emission 
features.  We  also  realize  that  the  exothermicity  of  a  reactive  process 
forming  the  dihalide  provides  sufficient  energy  to  produce  the  excited  states 
of  the  monohalide  via  a  dissociative  process.  For  example,  under  multiple 
collision  conditions,  the  exothermicity  of  the  reaction 

Sr  +  Cl2  *  SrCl  +  Cl  (1), 

given  closely  by  the  difference  in  the  SrCl  and  CI2  molecule^  bond  energies 
is  39.8  Kcal/mole  ( %  13920  cm'1).1  This  is  not  a  sufficient  energy  to  produce 
the  monochloride  emission  recorded  in  Fig.  8.  The  energy  available  through 
the  process 
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Sr  +  CI2  •*  SrCl2*  -*  SrCl*  +  Cl  (?) 

corresponds  closely  to  an  increment  of  order  49.3  Kcal/mole  (  x 17243  cm"1  = 
1/2  AZ(SrCl2)  -  D0°(C12)27)  where  AE(SrX2)  is  the  dihalide  atomization 
energy.1  The  significant  differential  in  energy  which  can  be  manifest  to 
pump  electronically  excited  monohalide  states  results  from  a  substantially 
larger  dihalide  bond  energy.  For  the  Sr-Br2  system,  the  energetics1  yield 
33.5  Kcal/mole  (  x 11717  cm"1)  and  of  order  49  Kcal/mole  (  x22600  cm"1)  for 
direct  metal  monohalide  formation  and  dihalide  complex  dissociation, 
respectively. 

The  considerations  above  might  account  for  the  prediction  of  bond 
energies  significantly  higher  than  those  determined  from  mass  spectrometry28 
as  one  uses  chemiluminescent  techniques  to  evaluate  the  chlorides,  bromides, 
and  iodides.  In  contrast,  the  bond  energies  determined  for  the  calcium, 
strontium,  and  barium  fluorides,  evaluated  from  direct  fluorine  molecule 
reactions  which  are  believed  not  to  proceed  through  a  long-lived  complex,  are 
in  good  agreement  with  those  obtained  from  mass  spectroscopy.28 

"Kinetics  of  Formation  of  the  Dihalide  Cc^>lex" 


Based  on  the  combination  of  observations  made  under  both  single1  and 
multiple  collision  conditions,  the  pressure  dependent  behavior  monitored  under 
near  single  collision  conditions  is  indicative  of  the  formation  of  a  readily 
stabilized  Group  IIA  dihalide  complex  of  some  considerable  extent.  A  kinetic 
sequence  consistent  with  both  the  single  and  multiple  collision  data  is 


M  +  X2 

-»  mx2*+ 

(4) 

MX2*+  +  Q 

■+  mx2* 

(5) 

mx2* 

-»  MX  +  X,  M  +  x2 

(6) 

mx2* 

-»  MX  +  X 

(7) 

mx2* 

■*  MX2  +  hv 

(8) 

where  MX2*+  represents  the  nascent  dihalide  formed  in  reaction  and  MX2*  the 
collisionally  stabilized  complex. 

The  potential  energy  along  the  reaction  coordinate  for  a  general  M  +  X?  -*■ 
MX2  association  process  certainly  requires  that  the  complexes  formed  via 
reaction  (4)  must  possess  low  excess  energy  and/or  high  angular  momentum  in 
order  to  survive  long  enough  to  emit  a  photon  or  suffer  a  stabilizing 
collision.  We  suggest  that  these  criteria  may  indeed  be  fulfilled  for  the 
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many  other  high  temperature 


Group  IIA  dihalides  as  they  may  also  be  for 
constituents. 

A  comparison  of  the  near  single  collision  and  multiple  collision  spectra 
for  the  dihalides  suggests  that  a  profound  rotational  excitation  may  play  an 
important  role  in  the  observation  of  the  near  continuous  emission  observed  in 
a  beam-gas  environment.  The  energy  of  the  overall  rotation  for  the  complex 

Er  «U2  (J)(J+1)/2I,  (9) 

where  J  is  the  total  angular  momentum  quantum  number  and  T  is  the  average 
moment  of  inertia,  does  not  contribute  to  the  non-fixed  energy  that 
facilitates  the  decay  of  the  complex  via  a  return  through  the  M  +  X2  entrance 
channel.  Therefore,  the  funneling  of  energy  into  rotation  may  represent  an 
important  aspect  of  the  observed  behavior  for  these  systems,  lengthening  the 
complex  lifetime  and  enhancing  the  possibility  for  stabilization. 

The  importance  of  a  stabilized  "long-lived"  MX2*  intermediate  complex  is 
certainly  evidenced  in  the  chlorine,  bromine,  and  iodine  systems  where  it  can 
lead  to  an  enhanced  excitation  of  the  metal  monohalide  over  and  above  that 
which  would  be  obtained  in  a  direct  fast  bi-molecular  reactive  encounter 
(metal  monofluoride  formation).  Because  the  dihalide  atomization  energy  more 
than  doubles  the  metal  monohalide  bond  energy,  the  conditions  exist  which  we 
believe  also  facilitate  complex  formation  and  stabilization.  It  is  relevant 
that  these  conditions  may  also  be  present  in  several  other  high  temperature 
systems. 

The  observation  of  an  R3BR  process  at  pressures  as  low  as  1  x  10-^  Torr 
is  surprising .29,3°  A  steady  state  treatment  of  the  mechanism  (Eqs.  (4)-(8)) 
gives  an  expression  for  the  chemiluminescence  signal  as  a  function  of  X2 
density  (X2  *  Q)  which  can  be  shown^'32  to  be  consistent  with  a  significant 
stabilization  cross  section  of  order,  os  *  3000-5000  l2,  and  a  long  excited 
state  radiative  lifetime  (x  'M0-2  seconds).  A  long  radiative  lifetime  can  be 
consistent  with  the  Group  IIA  dihalide  A-X  transition  region  (Table  I  and 
previous  discussion).  However,  it  is  to  be  emphasized  that  in  employing 
comparisons  of  the  Group  IIA  dihalide  B-X  emission  region  to  demonstrate 
strong  evidence  for  the  formation  of  the  dihalides  in  a  collisionally 
stabilized  reactive  encounter  (R3BR),  we  have  considered  transitions  which  are 
electric  dipole  allowed  in  both  absorption  and  emission.  These  allowed 
transitions  should  be  characterized  by  radiative  lifetimes  much  shorter  than 
10  2  seconds.  The  collisional  stabilization  mechanism  (Eqs.  (4)-(8)),  within 
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an  RRKM  framework,  requires  a  radiative  lifetime  well  in  excess  of  1(T5 
seconds3!  in  order  that  emission  from  the  complex  compete  favorably  with 
excited  state  dihalide  loss  mechanisms.  However,  the  collisional 
stabilization  process  would  appear  to  be  operative  for  much  shorter  lived 
excited  states.  If  we  eliminate  the  requirement  of  a  long-lived  electronic 
state,  this  implies  a  considerably  larger  stabilization  cross  section  than 
that  conceived  by  Wren  and  Menzinger31  and  an  extremely  long  range  interacts 
involving  the  Group  IIA  dihalide  excited  states  and  their  relaxing  collision 
partner.  It  is  clear  that  the  stabilization  process  competes  favorably  with 
unimolecular  decomposition  for  which  RRKM  calculations  suggest  a  unimolecular 
lifetime  (averaged  over  the  distribution  of  energy  and  angular  momentum)  on 
the  order  of  xD  ^  10"7  seconds. 


A  large  stabilization  cross  section  provides  the  route  for  dissipating 
the  energy  increments3!  which  must  be  funneled  from  the  freshly  forming  Group 
IIA  MX2  complex.  The  facilitating  inelastic  events  may  not  be  surprising  in 
view  of  the  high  level  density  and  large  geometrical  cross  section  presented 
by  the  strongly  vibrating  complex.  Present  studies,  strongly  dependent  on 
the  effective  transfer  of  energy,  suggest  that  the  configuration  space 
associated  with  collisional  stabilization  and  energy  transfer  far  exceeds  that 
which  would  be  associated  with  rotationally  averaged  hard  sphere  collision 
cross  sections.  This,  of  course,  raises  the  question  of  whether  association 


processes  in  these  systems  can  be  treated  in  a  satisfactory  fashion  employing 
some  variant  of  unimolecular  rate  theory.33  The  key  question  must  be  whether 
dissociative  processes,  well  characterized  by  RRJL-  theory,  or  highly  efficient 
energy  transfer  dominates  the  system.  The  present  results,  in  conjunction 
with  the  highly  efficient  V-E  and  E-E  transfers  characterizing  high 
temperature  molecules  in  general3,  would  suggest  that  it  is  appropriate  to 
consider  the  expansion  of  small  molecule  configuration  space  to  account  for  a 
significantly  enhanced  energy  transfer  efficiency. 


Addendum 


We  have  outlined  the  nature  of  an  extremely  efficient  collisional 
stabilization  process  involving  intermediate  complexes  of  some  considerable 
extent.  We  suggest  that  complexes  which  might  be  characterized  by  a  diffuse 
excited  state  electron  density,  may  be  present  in  several  environments.  The 
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implication  of  the  present  results  may  be  broader.  The  extent  of  interaction 
of  high  temperature  molecular  complexes,  as  they  form,  can  considerably 
exceed  that  which  we  normally  associate  with  collisional  stabilization  and 
energy  transfer  processes.  High  temperature  molecules  in  electronically 
excited  states  or  in  high  vibrational  levels  of  their  ground  electronic 
states  simply  are  capable  of  much  longer  range  interactions.  An  understanding 
of  the  formation  and  interaction  of  these  species  must  contribute  to  our 
ability  to  control  the  behavior  of  systems  operating  under  extreme  conditions. 
A  neglect  of  these  phenomena  in  models  of  combustion  or  propulsion  systems 
renders  these  models  unrealistic. 
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Table  II 


Vibronic  Bands  Observed  for  SrCl2  in  the  Dihalide  "A-X"  Transition  Region3 


Band  Number 
(see  Fig.  10) 

Wavelength 

(Angstroms) 

Frequency*5 
(Vacuum  -  cm-1) 

A (Frequency) 
(cm-1) 

1 

4387 

22788.2 

2 

4411 

22664.2 

124 

3 

4434 

22546.7 

117.5 

4 

4456 

22435.4 

111.3 

5 

4480 

22315.2 

120.2 

6 

4500 

22216.0 

99.2 

7 

4524 

22098.2 

117.8 

8 

4548 

21981.6 

116.6 

9 

4572 

21866.2 

115.4 

10 

4596 

21752.0 

114.2 

11 

4620 

21639.0 

113.0 

12 

4646 

21517.9 

121.1 

13 

4672 

213c '  2 

119.7 

14 

4700 

2127  .  7 

127.5 

15 

4726 

21153.7 

117.0 

16 

4754 

21029.1 

124.6 

17 

4782 

20905.9 

123.2 

18 

4806 

20801.5 

104.4 

19 

4836 

20672.5 

119.0 

20 

4862 

20561.9 

111.6 

21 

4891 

20440.0 

121.9 

a.  See  Table  I 

and  Fisure  2. 

b.  Frequencies  are  t  5  ci  Additional  poorly  resolved  features  to  shorter 
and  longer  wavelength. 


Table  III 


Vibronic  Bands  Observed  for  SrX2,  SrXY  (X-Cl,Br;  Y-I)  in  the  Dihalide  "B-X" 

Transition  Region3 


Molecule/ 

Band  Number 

Wavelength 

(Angstroms) 

Frequency*5 
(Vacuum  -  cm"*) 

A  (Frequency) 
(cm*1) 

SrCl2  (Figure  13) 

1 

3687 

27114.6 

2 

3715 

26910.2 

204.4 

3 

3750 

26659.1 

251.1 

4 

3782 

26433.5 

225.6 

5 

3818 

26184.3 

249.2 

6 

(3831) 

26099.4 

84.9 

7 

3852 

25953.2 

146.2 

8 

3900 

25633.8 

319.4 

9 

3923 

25483.5 

150.3 

10 

3940 

25373.5 

110 

11 

3964 

25219.9 

153.6 

12 

3994 

25030.5 

189.4 

13 

4015 

24899.6 

130.9 

14 

4038 

24757.7 

141.9 

15 

4076 

24526.9 

230.8 

16 

4117 

24282.7 

244.2 

17 

4156 

24054.8 

227.9 

18 

4196 

23825.5 

229.3 

19 

4233 

23617.2 

208.3 

20 

4275 

23385.2 

232.0 

21 

4318 

23152.4 

232.8 

Table  III  (continued) 


Molecule/ 

Band  Number 

SrBr2  (Figure  14) 

1 


Wavelength 

(Angstroms) 


Frequency^ 
(Vacuum  -  cm*1) 


25812.5 


2 

3898 

25646.9 

3 

(3905) 

25600.9 

4 

3928 

25451.0 

5 

3959 

25251.8 

6 

3981 

25112.2 

7 

4017 

24887.2 

8 

4049 

24690.5 

9 

4071 

24557.1 

10 

4099 

24389.3 

11 

4109 

24330.0 

12 

4141 

24141.9 

13 

4161 

24025.9 

14 

4176 

23939.6 

15 

4191 

23853.9 

16 

4239 

23583.8 

17 

4273 

23396.2 

18 

4295 

23276.3 

19 

4309 

23200.7 

20 

4341 

23029.7 

21 

4373 

22861.2 

(Frequency) 

(cm*1) 


165.6 
46.0 

149.0 

199.2 

139.6 
225.0 

196.7 
133.4 

167.8 

59.3 
188.1 
116.0 

86.3 
85.7 

270.1 

187.6 

119.9 

75.6 

171.0 

168.5 


Table  III  (continued) 


Molecule/ 

Band  Number 

Wavelength 

(Angstroms) 

Frequency*5 
(Vacuum  -  cm-*) 

A (Frequency) 
(cm-* ) 

SrICI  (Figure  15) 

1 

4347 

22997.9 

2 

4381 

22819.5 

178.4 

3 

4417 

22633.5 

186.0 

4 

4451 

22460.5 

173.0 

5 

4483 

22300.3 

160.2 

6 

4505 

22191.4 

108.9 

7 

4535 

22044.6 

146.8 

8 

4561 

21918.9 

125.7 

a.  See  Table  I  and  Figures  3,  4,  and  5. 

b.  Frequencies  are  ±  10  cm"*. 


Table  IV 


Mechanisms  for  Mixed  Cl2  +  Br2 
Reactions  with  Strontium  Metal 


Collisional  Stabilization  Mechanism 

xSr  +  Cl2  +  Br2  -»  SrCl2  +  SrBr' 


Two  Step  Harpooning  Mechanism 


Sr  +  Cl2 
SrCl  +  Br2 
Sr  +  Br2 
SrBr  +  Cl2 
SrCl  +  Cl2 
SrBr  +  Br2 


SrCl  +  Cl 
SrCIBr  +  Br 
SrBr  ♦  Br 
SrBrCl  +  Cl 
SrCl2 


Table  V 

Ground  State  Vibrational  Frequencies 
for 

SrCl2,  SrBr2 


Dihalide 

(vibrational  mode) 

Vibrational  Frequencies  (co~^) 

SrCl2 

251a,  256b,  270c 

(v2) 

19a,  20b,  44d 

(V3) 

337a,  307b,  300c 

SrBr2 

(vx) 

160a,  152b,  157f 

(v2) 

13a,  llb,  37a 

(v3) 

267a,  242b,  263f ,  223-269d 

a.  Reference  16,18-22. 

b.  Reference  17. 

c.  M.  W.  Chase,  C.  A.  Davies,  J.  R.  Downey,  Jr.,  D.  J.  Frurip,  R.  A. 
McDonald,  and  A.  N.  Syverd;  JANAF  Thermochemical  Tables.  J.  Phys.  Chem. 
Ref.  Data  14  (1985)  Suppl.  No.  1. 

d.  Reference  18. 
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Ilesolition'ot2  ToT'  ?“ltiple  “Union  chmiluminwcmt  spectrum  taken  at 
reactive  process  Sr  S*,1?*-41"  “d  mo,":’bronlde  tesults  from  the 

set :-iL2  ?  T-  -  c-x 

dihal^A  vUl£iple  collisi°n  chemiluminescent  spectrum  for  SrCl?  in  the 
The  em  !  “USS1°n  «gion  (see  Table  I)  taken  at  a  resolution  of  10  * 

The  d?hal?r  C0"*sP°nds.t0  a  lon8  progression  in  the  dihalide  bending  mode 
The  dihaiide  emitter  is  formed  via  a  collisionally  stabilized  Sr  +  Cl?  %  ' 

C  22  ™  ThTEKlT  84S  b*Ck*rOUnd  Pressure  ranges2from  0.8 

tester  JlscuStoJ  *l0n  f**tUr“  “*  Table  H-  See 

Figure  3:  Multiple  collision  chemiluminescent  spectrum  for  SrCl-,  in  t-h« 

»:X  "Xion  («•  Table  I)  tak.n  .t  ITesoLtlo^of  ^  I 

The  ^halide  emitter  is  formed  via  a  collisionally  stabilized  Sr  +  d,  Hi 

to  122  ^tiV?h— er‘  Th*  heliU°  back«round  ««  pressure  rangeS2from  0.8 
modes  ThTlaSt  f  ^  4prrS  t0  ^  doBinated  by  dihalide  stretching 
for  dlscSsion  f“tur«  are  catalogued  in  Table  III.  See  text 

diSlidi'n  vUltIpl?  collision  chemiluminescent  spectrum  for  SrBr2  in  the 
^baJ.ide®"X  region  (see  Table  I)  taken  at  a  resolution  of  10  i. 

The  dihaiide  emitter  is  formed  via  a  collisionally  stabilized  Sr  +  Br9 

to  122  Torr  ?henCOUn?er’  heUu“  back«round  8“  pressure  ranges  from  0.8 

,  *  T25  ,  The  *P®ctruxn  appears  to  be  dominated  by  dihalide  stretchine 

modes.  The  labeled  emission  features  are  catalogued  in  Table  III.  See  text 


JfPf*  5:-  Jult.lpl®  coHi* ion  chemiluminescent  spectrum  for  SrICI  in  the 
dihalide  B-X  emission  region  (see  Table  I)  taken  at  a  resolution  of  10  SL 

Ti?  He”Jn^%dihaUfe  <UBltt#r  is  forn*d  vi*  }  collisionally  stabilized  Sr  + 
„feaC“™  wcounjer  (some  SrCl2*  contamination  is  also  evident 
due  to  the  SrCl  +  IC1  -►  SrCl2  +  I  reaction).  The  helium  background  gas 

Si  hi??!"  r“8!\  rOB  °;1  to  1,2  Torr*  The  *P«ctrum  appears  to  be  dominated  by 
dihaiide  stretching  modes.  The  labeled  emission  features  are  catalogued  in 
Table  III.  See  text  for  discussion. 


Figure  6?  Collage  of  multiple  collision  chemiluminescent  emission  spectra 
or  SrCl2,  SrBr2,  and  SrICI  in  the  dihaiide  C-X  emission  region  (see  Table  I) 
taken  at  resolutions  of  10  X.  The  dihaiide  emitters  were  formed  via  the 
collisionally  stabilized  Sr  +  Cl2,  Br2,  IC1  He„SrCl2\  SrBr2\  SrICI* 
fe?C5iV8  encounters*  Th«  helium  background  gas  pressure  ranges  from  0.8  to 
i  uT°rI‘  The  spectru“  »PP«*rs  to  be  dominated  by  dihaiide  stretching  modes 
although  some  evidence  for  short  bending  mode  progressions  may  be  manifest. 


Sr??re  COBpa!ir^?f  fflultiPle  collision  chemi luminescent  spectra  for 
SrCl2,  SrBr2,  and  SrICI  in  the  dihalide  B-X  emission  region.  The  homo-  and 

^C^T^ICl^sJci^sT  *reof???ed  Via  the  collisionally  stabilized  Sr 
2,  Br2,  IC1  «.SrCl2  ,  SrBr2  ,  SrICI  reactive  encounters.  The  helium 

pressure  ranges  from  0.8  to  1.2  Torr.  The  spectra  appear  to  be  dooinat^  by 

h°r£  pr?8I6ff10TTTin  the  dlha.llde  stretching  modes.  Note  also  Figures  3  A 
and  5  and  Table  III.  See  text  for  discussion.  * 

Figure  8:  (a)  Collage  of  multiple  collision  chemiluminescent  emission 

spectra  for  reactive  mixtures  of  strontium  metal  and  varying  relative 

°^Cl2  4?d  Br2  reactants*  T**  spectra  correspond  to  the  sum  of 
metal  dihalide  and  metal  monohaiide  emitters.  The  dihalide  emission  features 
represent  combinations  of  only  SrCl2  and  SrBr2  emitters  with  no  evidence 
obtained  for  SrBrCl  emission  (see  Table  IV).  The  monohalide  emission  features 
represent  combinations  of  SrCl  and  SrBr  formed  via  the  collisionally 
stabilized  process  Sr  +  X2  He*SrX2  He_SrX*  +  x  where  th#  dihalide  is  formed 

as  a  precursor  intermediate  to  the  monohaiide.  (b)  Closeup  of  inner  three 
panels  in  (a).  See  text  for  discussion. 

Figure  9:  Laser  induced  fluorescence  spectrum  for  SrCl  obtained  by  pumpine 
ground  state  SrCl  to  the  SrCl  C^  state.  The  range  of  the  laser  induced 
fluorescent  scan  is  correlated  with  a  portion  of  the  SrCl2  chemiluminescent 
emission  in  the  B-X  region  as  indicated  in  the  inset  of  the  figure.  All 
features  in  the  LIF  spectrum  are  to  be  associated  with  the  monochloride 
suggesting  a  much  higher  oscillator  strength  for  the  monochloride  versus  the 
dichloride  B-X  (Table  III)  transitions.  Note  also  Figure  3  and  Table  III 
See  text  for  discussion. 


Figure  10:  Laser  induced  fluorescence  spectrum  for  SrBr  obtained  by  pumping 
ground  state  SrBr  to  the  SrBr  C2n  state.  The  range  of  the  laser  induced 
fluorescent  scan  is  correlated  with  a  portion  of  the  SrBr2  chemiluminescent 
emission  in  the  B-X  region  as  indicated  in  the  inset  of  the  figure.  All 
features  in  the  LIF  spectrum  are  to  be  associated  with  the  monobromide 
suggesting  a  much  higher  oscillator  strength  for  the  monobromide  versus  the 
dibromide  B-X  (Table  III)  transitions.  Note  also  Figure  4  and  Table  III. 

See  text  for  discussion. 

Figure  11:  Fit  of  SrCl  C2n  -  X2S"^  laser  induced  fluorescence  spectrum  with 
known  ground  state  and  adjusted  excited  state  constants.  The  vibrational  and 
rotational  temperatures  are  set  at  450  K  for  the  simulation.  See  text  for 
discussion. 
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APNNDIX  A 


Estimation  of  Vibrational  and  Rotational  T«peratures  for  the  SrCl  x¥  Ground 
Electronic  State  (Figure  9) 

Using  molecular  constants  from  Huber  and  Herzberg,*  a  suitable  set  of 
Franck-Condon  factors  was  calculated,  using  standard  techniques. 2  for  the 
rotationless  RKR  potentials  of  the  C  2n3/2  -  X2E1/2  and  the  C  2n1/2  -  X2E1/2 
electronic  transitions  of  the  SrCl  molecule.  We  considered  only  the  first  ten 
vibrational  levels  of  each  state.  The  rotational  constants,  Be,  were  extra¬ 
polated  for  the  upper  and  lower  states  (Be*  ^  0.098,  Be”  <v 0.102)  from  known 
data  on  the  well  characterized  Group  IIA  monohalides.  Vibrational  (v'.v"  - 
0-9)  and  rotational  distributions  (J\J"  -  0-19)  corresponding  to  tempera¬ 
tures  of  450K  were  imposed  on  the  ground  and  electronic  state  components  of 
the  doublet  and  all  transitions  to  the  ten  lowest  ground  state  vibrational 
levels  were  considered.  The  resulting  simulated  spectrum  was  also  smoothed  to 
simulate  a  finite  bandwidth  instrument  response  and  facilitate  comparison  with 
the  experimental  results. 
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